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ABSTRACT OF THE DISSERTATION 
 
Unified Mechanisms of Membrane Curvature Generation by Diverse Peptides and Proteins 
 
by 
 
Michelle Lee 
Doctor of Philosophy in Biomedical Engineering 
University of California, Los Angeles, 2017 
Professor Gerard Chee Lai Wong, Chair 
 
 
 
A diverse range of biologically critical phenomena involve membrane remodeling and/or the 
induction of membrane curvature changes by peptides or proteins. These events require a complex 
interplay between biophysical properties of both lipids and proteins. In this dissertation, we 
examine several prototypical systems important to human health and disease: the action of 
antimicrobial peptides on bacterial membranes, of cell-penetrating peptides in drug delivery, of 
viral proteins in the entry and egress of enveloped viruses, of gamete proteins in fertilization, and 
of dynamin-related GTPases in mitochondrial fusion and fission. Examples of each of these 
processes will be engaged in detail by a chapter of the dissertation. In all of these cases, a peptide 
or protein precipitates topological changes that allow communication across a deformable 
membrane dividing two spaces, such as membrane pore formation, membrane blebbing, or 
iii 
membrane budding and scission. While the distinct deformations and changes to membrane 
morphology in these processes may differ, they generally result from combinations of simple, 
constitutive mechanisms of membrane curvature generation. These include (but are not limited to) 
membrane insertion, membrane scaffolding, curvature sensing, molecular crowding, and 
membrane wrapping. We show in each case how these different membrane curvature generation 
mechanisms coordinate to induce topological changes in membranes. 
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Chapter 1  
Review of Lipid Membranes and Membrane-Active Peptides 
and Proteins 
1.1 Introduction 
The plasma membrane is the key barrier that separates the internal contents of a cell from 
its surrounding environment. Similar compartmentalization exists within eukaryotic cells, as 
intracellular membranes also delineate organelles, including the nucleus, mitochondrion, 
endoplasmic reticulum (ER), the Golgi, from the cytosol [1]. These boundaries allow the cell to 
perform complex processes and highly specialized functions in an organized and coordinated 
manner. Membranes are dynamic and change conformation to support a variety of cellular events, 
and thus, membrane remodeling is important in maintaining biological function. For example, to 
endocytosis/exocytosis, cell division, mitochondrial fusion and fission, and budding and fusion 
during vesicular trafficking all require changes in membrane morphology. Such changes in 
membrane shapes relate to the generation of membrane curvature. 
It is well-recognized that the adsorption of peptides or proteins onto a membrane can result 
in membrane curvature changes and membrane remodeling. This phenomenon occurs in a wide 
range of biological processes, including the action of antimicrobial peptides (AMPs) on bacterial 
membranes, of cell-penetrating peptides (CPPs) in drug delivery, of viral proteins in the entry (by 
fusion) and egress (by budding and fission) of enveloped viruses, of gamete proteins in 
fertilization, and of dynamin-related GTPases in the fusion and fission of mitochondrial 
2 
membranes. Membrane remodeling and curvature generation result from the interplay between the 
unique properties of both proteins and lipids, and are essential in defining and regulating the 
morphology of cells and organelles, and their associated biological processes. This chapter 
provides a review of the properties of lipids and membranes, followed by a summary of the current 
knowledge of simple, constitutive peptide- or protein-induced membrane curvature generation 
mechanisms that have been described in the various fields of biology. 
1.2 Phospholipid Membranes 
1.2.1 Lipid structure and membrane composition 
Lipids are the main structural component of biological membrane, of which the 
glycerophospholipids are the principal class found in eukaryotic membranes [2, 3]. These are 
amphiphilic molecules that are characterized by a polar domain (hydrophilic headgroup) and 
nonpolar domain (hydrophobic tails). Specifically, fatty acid chains are esterified to two of three 
hydroxyl groups on the glycerol backbone, and the third hydroxyl group is esterified to a 
phosphate. The phosphate group is then esterified to a hydroxyl group on another hydrophilic 
molecule, such as choline, ethanolamine, serine, and inositol [1, 2]. The predominant 
glycerophospholipids (in henceforth chapters referred to as simply “lipids”) include those with 
zwitterionic headgroups, such as phosphatidylcholine (PC) and phosphatidylethanolamine (PE), 
as well as those with a net anionic charge, like phosphatidylserine (PS), phosphatidylglycerol (PG), 
phosphatidylinositol (PI), and phosphatic acid (PA) (Figure 1.1). Other eukaryotic membrane 
lipids include those with a ceramide backbone, such as sphingomyelin (SM), sterols like 
cholesterol, and cardiolipin (CL), which is a diphosphatidylglycerol lipid unique to the 
mitochondria (and bacteria). 
3 
 
Figure 1.1 | Chemical structures of glycerophospholipids.1 Different polar headgroups are shown in light 
orange. Positions R1 and R2 denote the binding sites of the hydrocarbon chains. The degree of saturation 
of the acyl chains can vary. A couple examples of saturated and unsaturated fatty acid hydrocarbon chains 
are highlighted in dark orange. 
 On average, eukaryotic plasma membranes contain high levels of PC (> 50% of 
phospholipids) and cholesterol (1:1 cholesterol:phospholipid by mole) [2, 3] (Table 1.1), whereas, 
bacterial membranes consist mainly of PG, PE, and CL [5] (Table 1.2). 
                                                            
1 Reproduced with permission from [4] Saita, E.A. & de Mendoza, D. Thermosensing via transmembrane protein–
lipid interactions. Biochim. Biophys. Acta, Biomembr. 1848, 1757–1764 (2015). Copyright © 2015 Elsevier. 
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Table 1.1 | Lipid compositions of various eukaryotic membranes.2 Values are given in mass%.  
 
Table 1.2 | Lipid compositions of various species of bacteria.3  
                                                            
2 Reproduced with permission from [3] Sackmann, E. Biological Membranes Architecture and Function. In Handbook 
of Biological Physics, Vol. 1. (eds. Lipowsky, R. & Sackmann, E.) 1–63 (North-Holland, 1995). Copyright © 1995 
Elsevier. 
3 Adapted with permission from [5] Epand, R.M. & Epand, R.F. Bacterial membrane lipids in the action of 
antimicrobial agents. J. Pept. Sci. 17, 298–305 (2011). Copyright © 2011 Elsevier. 
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1.2.2 Membrane curvature 
At any point on curved membrane surface, the curvature can be defined by a tangent plane 
at that point. Planes that are normal to this tangent plane intersect the surface as a normal section, 
which is associated with a curvature, defined as 𝑐𝑐 = 1  𝑅𝑅⁄ , with 𝑅𝑅 being the radius of curvature. 
Among the many different possible normal sections, and therefore many different curvatures, the 
maximum and minimum curvatures correspond to normal sections that are orthogonal to one 
another. These directions are described as the two principal directions, and their corresponding 
curvatures are called the principal curvatures, 𝑐𝑐1 and 𝑐𝑐2. Therefore, the two principal curvatures 
are defined as, 𝑐𝑐1 = 1  𝑅𝑅max⁄  and 𝑐𝑐2 = 1  𝑅𝑅min⁄  (with 𝑅𝑅max and 𝑅𝑅min being the principal radii of 
curvature) (Figure 1.2). 
 
Figure 1.2 | Principle curvatures at a point P on a surface.4 The principle curvatures, 𝑐𝑐1 = 1  𝑅𝑅max⁄  and 𝑐𝑐2 = 1  𝑅𝑅min⁄ , describe the curvature at any point, P, on a surface. 
                                                            
4 Adapted with permission from [6] Shearman, G.C., Ces, O., Templer, R.H. & Seddon, J.M. Inverse lyotropic phases 
of lipids and membrane curvature. J. Phys.: Condens. Matter 18, S1105–S1124 (2006). Copyright © 2006 IOP 
Publishing. 
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Using two general expressions, the principal curvatures can be combined to describe the shape of 
a surface: 
 𝐻𝐻 = 12 (𝑐𝑐1 + 𝑐𝑐2) (1.1) 
   
 𝐾𝐾 = 𝑐𝑐1𝑐𝑐2 (1.2) 
𝐻𝐻  is the mean curvature and 𝐾𝐾  is the Gaussian curvature. Curvature can be positive or negative, 
although by convention, a membrane monolayer that bends to form a convex hydrophilic surface 
is defined as positive curvature. On the contrary, a monolayer that bends in the opposite direction 
to form a concave hydrophilic surface is described as negative curvature. When referring to cell 
membranes, the distinction depends on the intracellular and extracellular space, such that positive 
curvature is defined as the cell membrane bulging convexly toward the extracellular medium. 
 Flat lamellar surfaces are described as having both zero mean curvature and zero Gaussian 
curvature. If a surface is shaped like a cylinder, it will have a non-zero mean curvature, but zero 
Gaussian curvature. A spherical surface, as both 𝑐𝑐1 and 𝑐𝑐2 have the same sign, has non-zero mean 
curvature and positive Gaussian curvature. However, if 𝑐𝑐1 and 𝑐𝑐2 are opposite in sign, the surface 
will have negative Gaussian curvature (NGC). 
1.2.3 The Helfrich approach 
Bending a membrane away from its unperturbed native state is associated with an energetic 
cost that is determined by the structure and elasticity of the membrane. The approach by Helfrich 
is generally used to describe the energetics of membrane shape changes [7]. In this formalism, 
deformation of the membrane has an energetic cost that is only dependent on curvature changes of 
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the surface, which are defined by the mean and Gaussian curvatures. The curvature elasticity 
energy per unit area of bending a membrane is given by: 
 𝑓𝑓 = 2𝜅𝜅(𝐻𝐻 − 𝑐𝑐0)2 + 𝜅𝜅𝐾𝐾  (1.3) 
where 𝑐𝑐0 is the intrinsic (spontaneous) curvature. The bending modulus, 𝜅𝜅, and the Gaussian 
modulus, 𝜅𝜅, are elastic constants that describe the stiffness of the membrane and the resistance of 
the membrane to topological transitions, respectively. To arrive at the total elastic energy of a 
symmetric membrane, in which case 𝑐𝑐0 = 0, the Helfrich curvature elastic energy density is 
integrated over the surface of the membrane, with 𝑑𝑑𝑑𝑑 being the area element on the membrane: 
 𝐹𝐹 = � 𝑑𝑑𝑑𝑑 �2𝜅𝜅𝐻𝐻2 + 𝜅𝜅𝐾𝐾� (1.4) 
Here, the first term accounts for the energetic cost of bending the membrane in a manner 
reminiscent of Hooke’s Law, while the second term accounts for energetic costs of distortions 
related to topological complexity. To see this qualitatively, one can use the Gauss–Bonnet 
Theorem, which states that the integral of the Gaussian curvature over a closed surface is a 
topological constant:  
 � 𝐾𝐾 𝑑𝑑𝑑𝑑 = 4π(1 − 𝑔𝑔) (1.5) 
where the integer 𝑔𝑔 is the genus, which characterizes the connectivity of a surface and often 
described as the number of “holes” or “handles”. For instance, a sphere has 𝑔𝑔 = 0, whereas a torus, 
which can be considered as a sphere with one handle, has 𝑔𝑔 = 1 [8]. For each additional handle, 
the genus increases by one. Therefore, the more negative the total Gaussian curvature, the “holier” 
the surface. This is in contrast to closed surfaces with no holes, which have a total Gaussian 
curvature that is positive. 
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1.2.4 Geometric packing of lipid molecules 
Properties of lipid molecules can influence curvature and the morphology of aggregated 
lipids. The commonly used model by Israelachvili et al. describes the packing of lipid molecules 
by introducing an average geometric shape for the lipid molecule that is described using a 
dimensionless packing parameter, 𝑆𝑆 [9]. 𝑆𝑆 depends on the repulsive steric and electrostatic 
interactions between the polar lipid headgroups in addition to the attractive hydrophobic 
interactions and repulsive steric forces between the lipid tails. 
 𝑆𝑆 = 𝑉𝑉𝑑𝑑0𝐿𝐿𝑐𝑐 (1.6) 
where 𝑉𝑉  is the molecular volume of the lipid tails, 𝑑𝑑0 is the optimum area occupied by the lipid 
headgroup, and 𝐿𝐿𝑐𝑐  is the critical length of the lipid tails (Figure 1.3). 
 
Figure 1.3 | Lipid shape can be described by the packing parameter.5 Cone-shaped lipids (left) have 𝑆𝑆 < 1, cylindrical-shaped lipids (center) have 𝑆𝑆 = 1, and inverted-cone-shaped (right) have 𝑆𝑆 > 1. 
Israelachvili et al. showed that lipids tend to form aggregates of certain geometries based on their 
packing parameters (Table 1.3). Specifically, 𝑆𝑆 < 1/3 forms spherical aggregates, 1/3 < 𝑆𝑆 < 1/2 
forms cylindrical aggregates, 1/2 < 𝑆𝑆 < 1 forms planar aggregates, and 𝑆𝑆 > 1 forms inverted 
                                                            
5 Reproduced with permission from [6] Shearman, G.C., Ces, O., Templer, R.H. & Seddon, J.M. Inverse lyotropic 
phases of lipids and membrane curvature. J. Phys.: Condens. Matter 18, S1105–S1124 (2006). Copyright © 2006 IOP 
Publishing. 
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aggregates. Generally, the packing behavior of lipid molecules is associated with their intrinsic 
curvature, 𝑐𝑐0, which is a reflection of the molecular shape. For instance, a lipid with 𝑆𝑆 < 1/2 tends 
to be cone- or wedge-shaped and takes on positive intrinsic curvature (𝑐𝑐0 > 0), whereas a lipid 
with 𝑆𝑆 > 1 is shaped like an inverted cone and tends to take on negative intrinsic curvature (𝑐𝑐0 < 
0). 
 
Table 1.3 | Structures formed by lipids of different packing shapes.6 Lipids tend to assemble into 
aggregates with geometries consistent with their packing parameters. 
1.2.5 Polymorphism of lipid–water systems 
A variety of liquid-crystalline phases can be formed by lipids when exposed to water, 
which can be either normal or inverse (Figure 1.4). Normal (type I) phases are described as 
hydrophobic aggregates in a water/polar matrix (oil-in-water), while inverted (type II) phases that 
are characterized by water/polar aggregates in a hydrophobic matrix (water-in-oil). The most 
common and well-characterized inverse phase include the inverse hexagonal (HII) phase and the 
                                                            
6 Adapted with permission from [10] Israelachvili, J.N. Intermolecular and Surface Forces, 3rd Edn. (Academic Press, 
2011). Copyright © 2011 Elsevier. 
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inverse bicontinuous cubic (QII) phases [6]. An HII phase can be visualized as hexagonally packed 
cylindrical tubes filled with water, and the QII phases consist of a single continuous bilayer that 
separates two interlinked, but nonintersecting, regions of water. 
 
Figure 1.4 | Examples of different phase structures adopted by lipid–water systems.7 (A) Lamellar Lα 
phase (B) inverse hexagonal HII phase (C) inverse bicontinuous cubic QII phase Pn3m. 
Three QII phases have been observed in lipid–water systems: Pn3m (“double diamond”), 
Im3m (“plumber’s nightmare”), and Ia3d (“gyroid”) (Figure 1.5). For these specific QII phases, the 
bilayer mid-plane lies on the D, P, and G minimal surfaces, respectively. The inverse cubic phases 
can be interconverted through a Bonnet transformation, which preserves the distribution of 
Gaussian curvature, and zero mean curvature, at all points on the surface [6]. This implies that 
bicontinuous cubic phases connected by the Bonnet transformation are energetically equivalent 
and can coexist. 
                                                            
7 Adapted with permission from [11] Seddon, J.M. & Templer, R.H. Polymorphism of Lipid–Water Systems. In 
Handbook of Biological Physics, Vol. 1. (eds. Lipowsky, R. & Sackmann, E.) 97–160 (North-Holland, 1995). 
Copyright © 1995 Elsevier. 
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Figure 1.5 | Inverse bicontinuous cubic phases.8 Bicontinuous cubic phases (A) “double-diamond” Pn3m 
(Q224) (B) “plumber’s nightmare” Im3m (Q229) (C) “gyroid” Ia3d (Q230) are characterized by two 
nonintersecting regions of water that are separated by a continuous lipid bilayer. 
The Gauss–Bonnet theorem states that the integrated Gaussian curvature over the area of the 
minimal surface unit cell relates to the Euler–Poincaré characteristic, 𝜒𝜒 , through: 
 � 𝐾𝐾  𝑑𝑑𝑆𝑆 = 2πχ (1.7) 
Thus, the average Gaussian curvature, 〈𝐾𝐾〉, for a minimal surface is defined by: 
 〈𝐾𝐾〉 = 2π𝜒𝜒𝑑𝑑0𝑎𝑎2 (1.8) 
where 𝑑𝑑0 is the dimensionless surface area per unit cell and 𝑎𝑎 is the lattice parameter of the cubic 
phase [6]. The parameters specific to each of the cubic phases are depicted in Table 1.4. 
                                                            
8 Adapted with permission from [11] Seddon, J.M. & Templer, R.H. Polymorphism of Lipid–Water Systems. In 
Handbook of Biological Physics, Vol. 1. (eds. Lipowsky, R. & Sackmann, E.) 97–160 (North-Holland, 1995). 
Copyright © 1995 Elsevier. 
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Minimal Surface Cubic Phase 𝝌𝝌  𝑨𝑨𝟎𝟎 𝒂𝒂  𝒂𝒂𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷⁄  
D Pn3m −2 1.919 1 
P Im3m −4 2.345 1.279 
G Ia3d −8 3.091 1.578 
Table 1.4 | Geometric characteristics of bicontinuous inverse cubic phases [6]. 
1.3 Basic Membrane Curvature Generation Mechanisms 
1.3.1 Membrane partitioning and hydrophobic insertion 
Many peptides that insert into membranes are amphiphilic. A natural question to ask is how 
hydrophobic interactions contribute to the self-assembly between the peptide and the membrane. 
Here, the corpus of work on AMPs provides useful examples.  
AMPs are a group of peptides that exhibit diverse secondary structures but share two 
common motifs: cationic charge and amphiphilicity [12]. A large class of AMPs adopts 
amphipathic α-helical structures at the membrane interface, in which one face is polar (charged) 
and the other is nonpolar (hydrophobic).9 The strong electrostatic attraction between an anionic 
membrane and a cationic peptide is driven by the entropic gain of counterion release (discussed 
below), resulting in electrostatic binding and membrane deformation, with some trade-off between 
the two. However, many AMPs are unstructured in solution, before binding to membranes. The 
binding or embedding of an amphiphilic peptide into a membrane can involve a competition 
between mutually antagonistic events. For example, insertion of such a peptide into a membrane 
can create favorable hydrophobic interactions between nonpolar amino acids and the hydrocarbon 
                                                            
9 This general motif is typically described as amphiphilicity, but when referring to the surface of an α-helix, the 
alternative term of amphipathicity is often used. 
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lipid tails of the membrane, but at the cost of partitioning polar amino acids and peptide bonds into 
the membrane [13]. By forming an amphipathic α-helical structure, which facilitates electrostatic 
interactions between the polar groups of the peptide and the membrane, and maintains hydrogen 
bonding along the peptide, the energetic cost of inserting the peptide into the membrane is reduced 
[14]. As a result, an AMP can adsorb to a membrane surface with its long axis parallel to the 
membrane surface, and adopt a stable amphipathic helix with the hydrophobic and charged 
residues segregated on opposite faces. In this arrangement, the amphipathic AMP helix is oriented 
with the hydrophobic domains of the peptide contacting the hydrocarbon chains in the interior of 
the membrane, while the exposed cationic residues are able to interact with anionic lipid head 
groups of the membrane. In doing so, the helix acts like a rod-like inclusion embedded in one 
leaflet of the membrane, promoting anisotropic disruption of lipid packing and generating 
anisotropic positive curvature from steric effects of adding hydrophobic volume to one monolayer. 
As a result, the maximal disruption of lipid packing is experienced in the direction along the axis 
of the helix.  
Previous work has suggested that a deeper penetration of amphipathic helical peptides into 
a bilayer increases the perturbation of membrane-stabilizing hydrophobic lipid interactions. This 
membrane-disruptive process depends on the hydrophobic interactions, and thus, the hydrophobic 
content of the peptide. Indeed, recent studies have found that the reduction of membrane activity 
of cationic amphipathic α-helices is correlated with decreased hydrophobicity [15, 16], although 
the actual impact on activity from curvature generation is likely complex and multifactorial. In a 
similar manner, the geometric properties of the hydrophobic and polar faces also influence the 
curvature induced by an amphipathic helical peptide. As we have described, AMPs can create 
positive curvature through membrane insertion, however, the generation of negative curvature is 
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also possible. These differences in curvature effects have been attributed to a phenomenological 
“wedge-shape” specific to an individual peptide. For example, Tytler et al. examined the 
membrane effects of two classes of amphipathic helices (identified by Segrest et al. [17]) with 
contrasting residue distributions, one featuring wide polar faces of charged residues, while the 
other class having a small cluster of cationic residues to form a narrow polar face [18]. These 
characteristics cause the two classes of helices to form different cross-sectional shapes, with the 
first described as an upright wedge with a polar base and a hydrophobic apex, and the other viewed 
as an inverted wedge with a polar apex and a hydrophobic base. It is hypothesized that these 
wedge-shaped or inverted wedge-shaped amphipathic helices can produce membrane effects 
analogous to those of wedge-shaped and inverted wedge-shaped lipids [9, 19, 20]. Indeed wedge-
shaped helices were found to induce positive curvature, which stabilized micellar and bilayer 
structure in both model and biological membranes [13, 17, 21, 22]. In contrast, inverted wedge-
shaped helices generated negative curvature, which caused destabilization of bilayers and 
promoted inverted lipid structures in model membranes [13, 17, 18, 21]. These results, when taken 
together with the body of work on electrostatics, suggest a unified way of qualitatively 
understanding membrane curvature generation by facially amphiphilic cationic peptides, one in 
which the roles of cationic charge and hydrophobicity combine synergistically to create something 
new. We note that most peptide insertion scenarios will involve a fair amount of membrane 
thinning, due to the disturbance to lipid packing by the embedded peptide [23–25]. Such thinning 
has been experimentally observed in a number of systems, and tends to make membranes more 
amenable to curvature deformations. (For example, it is known that the bending modulus of a 
membrane varies roughly as the 3rd power of the membrane thickness [26, 27].) There exists a 
large collection of literature on correlating the relative sizes of the polar and hydrophobic faces of 
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amphipathic helices with downstream cellular outcomes such as lysis [17, 18, 21, 22, 28, 29], 
which itself depends on a broad range of effects such as the form of lysis and the efficiency of 
peptide-membrane binding. In the context of curvature generation, we can look at it the following 
way: For peptides with a sufficiently small circumferential sector of cationic residues and large 
circumferential sector of hydrophobicity, the excluded volume interactions from hydrophobic 
insertion will dominate, and anisotropic positive curvature will result, with a larger hydrophobic 
volume perturbation along the helix axis than perpendicular to it. Since this interaction is based 
mostly on hydrophobic insertion, we expect these peptides to generate strong positive curvature 
for a broad range of membranes. However, for peptides with a sufficiently large circumferential 
sector of cationic residues and small circumferential sector of hydrophobicity, electrostatic 
wrapping of the membrane to optimize contact between cationic and anionic surfaces will be more 
important, and the resultant induction of negative curvature will dominate the positive curvature 
generation from the small level of hydrophobic insertion. When this induced negative curvature 
perpendicular to the helix is combined with the induced positive curvature along the helix axis, the 
result is NGC, which is the type of curvature topologically necessary for pore formation, and other 
membrane destabilization mechanisms such as blebbing and budding. 
Transmembrane (TM) proteins play important roles as channels, receptors, and enzymes 
in cells. Interactions between these integral proteins and their membrane environment can 
influence their conformations and distributions, and consequently, their functions and activities 
[30–37]. It is believed to be energetically favorable for the hydrophobic domain length of a 
membrane protein to match the thickness of the hydrophobic interior of a lipid bilayer, due to the 
high energetic cost of exposing hydrophobic surfaces to an aqueous environment. Hydrophobic 
mismatches can occur, as proteins can have different lengths of hydrophobicity and bilayers can 
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vary in thickness. Hydrophobic mismatch is one mechanism in which TM proteins can deform 
membranes around them. If the hydrophobic length of the protein is greater than the thickness of 
the hydrophobic region of the membrane, it is described as being “positively mismatched,” while 
the opposite case is called “negatively mismatched.” In the case of mismatch, the protein-lipid 
system adapts its structure to minimize contact between polar and hydrophobic regions, which 
involves modification in protein or membrane structure, or both. With respect to the membrane, 
lipids chains surrounding the protein adjust their lengths to accommodate the hydrophobic portion 
of the protein. They can stretch to thicken a bilayer for a positive mismatch, or they can compress 
to provide a thinner bilayer for a negative mismatch [38, 39]. Experiments with gramicidin have 
demonstrated this modulation of lipid chain length [39–41]. Moreover, the stretching lipids in the 
vicinity of a membrane protein in response to positive mismatch will change the effective shape 
of lipid molecules, and thereby generate membrane curvature. Such induced curvature are 
experimentally observed in the formation of non-lamellar (inverted hexagonal and cubic) lipid 
phases [38, 39, 42]. It is interesting to note that the above effects can work synergistically with 
protein shape, as in the case of membrane-spanning “wedges.” An example of these effects can be 
observed in the influenza M2 protein [43]. 
1.3.2 Membrane scaffolding 
Membrane scaffolding by curved proteins or complexes is a mechanism by which proteins 
can directly force membrane remodeling and curvature. Protein complexes, which can be found 
covering the surface of buds and invaginations, are believed to act as scaffolds and impart their 
geometric shape on the membrane. This can be observed in the budding and release of enveloped 
viruses, as well as other fission processes that involve membrane neck formation and scission. To 
effectively drive membrane curvature, the intrinsic shape of the protein or protein network must 
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expose a curved surface to interact with the lipid bilayer while having sufficient affinity for the 
polar lipid head groups. Furthermore, the rigidity of the protein coat must be able to counteract 
both the membrane intrinsic curvature and resistance to mechanical bending, as described by its 
elastic modulus, to allow for membrane deformation [44, 45]. In general, the protein–membrane 
interaction energy needs to be greater than the membrane-bending energy. As can be seen below, 
recent work has shown that the scaffolding mechanism often coexists with other curvature-
generating mechanisms, and cannot be idealized as a purely mechanical effect. We illustrate these 
ideas using several protein families: dynamin and BAR (Bin, Amphiphysin, Rvs)-domain-
containing proteins can wrap around membranes to create scaffolds for cylindrical curvature, while 
COPI and COPII complexes and clathrin-adaptor-protein complexes can form scaffolds for 
spherical curvature [44, 46, 47]. 
Dynamin, a GTPase, is a primary member of a large family of proteins called the dynamin-
related or dynamin-like proteins [48]. It self-assembles into rigid helical oligomers on membrane 
surfaces to form cylindrical coats that constrain the membrane to drive bilayer tubulation and 
fission [44–46, 48–54]. Studies have implicated dynamin in organelle division, necking and 
scission of clathrin-coated vesicles, and other membrane trafficking events [55–57]. Dynamin 
oligomerizes to form helical rings around the neck of endocytic buds, which scaffolds the 
membrane into a cylindrical shape. GTP hydrolysis causes conformational changes that trigger the 
constriction of the helical ring, reducing the neck radius to mediate membrane fission [46, 53, 57, 
58]. Membrane tension and rigidity, which describe membrane elasticity, control the shape of the 
neck and its elastic energy. Through this mechanism, it is currently believed that dynamin 
constricts the membrane down to radii approximately the thickness of a bilayer [48]. Because 
dynamin works against membrane elasticity in this process, creating such high curvatures requires 
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large forces. While the dynamin helix is rigid enough to constrain a membrane, studies have shown 
that the rotational force (torque) produced during its conformational change can further drive 
membrane deformation [59]. This constriction has been found to be necessary, though not 
sufficient for complete dynamin-mediated fission [48]. Indeed, complementary to the 
mechanochemical action of dynamin, recent work has further suggested that the hydrophobic 
insertion mechanism also plays an important role. This is evidenced by the membrane insertion of 
the hydrophobic loops of the dynamin PH domains and interactions of dynamin with other 
proteins, amphiphysin and endophilin, which contain amphipathic helices [45, 60–62]. 
BAR domains are present in a wide variety of proteins, including amphiphysins, arfaptins, 
endophilin, nadrins, and oligophrenins, and can also be classified into several different types based 
on their structural characteristics, such as BAR, N-BAR, F-BAR, I-BAR, and PX-BAR [47]. The 
BAR domain is a crescent-shaped dimeric α-helical bundle, with each monomer having three 
kinked α-helices to yield a six-helix bundle upon dimerization. The BAR domain binds to 
membranes through electrostatic interactions at its concave surface, which features a high 
concentration of positively charged residues, lysines and arginines, allowing for preferential 
interaction with the negatively charged polar head groups of the membrane lipids [63]. This 
dependence on electrostatics has been demonstrated with amphiphysins, in which cationic 
residues, lysine and arginine, were mutated to anionic residue glutamate and resulted in reduced 
binding to membranes and inhibited membrane tubulation [64]. For this reason, BAR domains are 
believed to induce membrane curvature along these interaction surfaces. To initiate membrane 
tubulation, a high surface density of BAR domains is required, suggesting a cooperative effect 
among individual domains. Moreover, the curvature of membrane tubes covered by BAR domains 
has been found to be close to that of the concave domain surface, which indicates that the domains 
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have greater rigidity than membrane bilayers. Interestingly, BAR domains are frequently found in 
combination with N-terminal amphipathic helices (together called N-BAR domains), which are 
observed in amphiphysin, endophilin, BRAP, and nadrin. These amphipathic N-terminal helices 
are believed to stabilize and further promote curvature generation via the hydrophobic insertion 
mechanism [46, 60, 63, 65]. 
Coat proteins such as clathrin, COPI, and COPII can also be considered protein complexes 
that influence membrane curvature through curved scaffolding structures. The polymerization of 
coat proteins was previously believed to drive curvature formation for membrane vesicle 
trafficking [66], but it is now understood that the process requires direct membrane–protein 
interactions. Studies have revealed that coat proteins work cooperatively with other proteins to 
bend membranes and form vesicles. For example, this can be observed with clathrin-mediated 
endocytosis. In the absence of membranes, clathrin complexes with adaptor proteins to self-
assemble into cages that take on spheroid polyhedral geometries and have curvatures comparable 
to the curvatures observed in clathrin-coated vesicles [67–69]. This indicates that clathrin 
complexes feature an intrinsic curvature, which can potentially be applied toward scaffolding. On 
the contrary, the rigidity of clathrin-adaptor-protein complexes is on the same order of magnitude 
as that of membranes [61, 70], which then suggests that a clathrin coat on a membrane cannot itself 
cause vesicle budding. Therefore, additional mechanisms alongside a coat protein lattice are likely 
to be involved in vesicle formation. Indeed, clathrin-adaptor-protein complexes interact with epsin, 
a protein that contains the ENTH (epsin N-terminal homology) domain. An amphipathic helix, the 
ENTH domain drives membrane curvature by inserting into the membrane bilayer. Epsin binds to 
phosphatidylinositol-4,5-bisphosphate on a membrane and subsequently attracts clathrin to 
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promote its polymerization to form a stabilizing scaffold around the curvature, which in turn 
recruits and concentrates more epsin [44]. 
Coat proteins COPI and COPII complexes are not expected to form a scaffold with 
sufficient rigidity to effectively bend membranes. Thus, cooperation between coat proteins and 
amphipathic helices to help drive membrane curvature may have a similar role in COPI- and 
COPII-coated vesicles, in which coat polymerization alone was also initially thought to create 
curvature. Analogous to epsin, Arf and Sar1 proteins have N-terminal amphipathic helices and are 
predicted to function in curvature generation in association with stabilization by coat proteins. For 
instance, studies have demonstrated the importance of Sar1 membrane insertion in vesicle budding 
[71]. Accordingly, mutations of Sar1 have been shown to uncouple its membrane-deforming and 
coat-recruitment activities, and also impair membrane bending and COPII vesicle budding [71]. 
In coordination, the observed curvature of the COPII coat surface matches that of a vesicle 
membrane, which suggests a role in facilitating membrane deformation and stabilizing the final 
curvature of COPII-coated vesicles [72]. 
Additional coat proteins that are believed to promote membrane curvature generation 
include caveolin and ESCRT. However, these proteins are likely to bend membranes using 
mechanisms different from that discussed above. Caveolin oligomerizes into a coat that produces 
membrane curvature to result in caveoli, flask-shaped membrane invaginations. Unlike COP and 
clathrin-coated vesicles, caveolin can directly interact with membranes, and this interaction is 
believed to aid in membrane bending [46, 73–75]. While clathrin, COPI, and COPII complexes 
polymerize on the external side of budding vesicles, ESCRT complexes are located on the internal 
side of the endosomes and generate opposite curvature. ESCRT is characterized by four complexes 
that together enable membrane remodeling to form intraluminal vesicles in the endosomal pathway 
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[45, 47, 76–78]. There is still no clear mechanism to explain how ESCRT generates curvature, as 
understanding how vesicle scission can be triggered by protein binding inside its neck still remains 
a technical challenge [76, 79]. 
Although protein coats are predominantly discussed in relation to vesicle budding and 
fission, similar interconnected coats of proteins on membranes have also been found to drive fusion 
[80]. While many assumptions of the fusion coat hypothesis are still open to question, experimental 
studies have substantiated its prediction that fusion proteins located far from the fusion site can 
contribute to the fusion reaction through long-range membrane forces [81, 82]. 
1.3.3 Curvature sensing and curvature-mediated attraction 
Recent work has identified proteins with membrane-binding affinities that are influenced 
by the curvature of the membrane [83]. Proteins that can induce membrane curvature necessarily 
implies that they can also sense membrane curvature [44, 49]. Curvature sensing by proteins is 
based on the energy of protein–membrane interaction and the energy of membrane deformation 
caused by the protein. Together these energetic contributions make up an effective binding energy. 
A protein with a shape that matches the membrane curvature requires little or no membrane 
deformation for membrane–protein binding, which results in a minimal effective binding energy. 
Conversely, increasing mismatch between the protein shape and membrane curvature increases 
the effective binding energy [44]. Flexible proteins that cannot effectively bend a membrane can 
still sense curvature in an analogous manner. In this case, the protein experiences deformation 
upon binding to the membrane, and this energy contributes to the effective binding energy. 
Similarly, the effective binding energy is minimized when the protein shape and membrane 
curvature match, and becomes greater with increasing mismatch. 
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One well-characterized example of a curvature sensor is the aforementioned BAR domain. 
In its dimeric form, the membrane-binding region is a concave surface, which imparts its ability 
to preferentially bind to curved membranes [46, 63]. Its curvature sensing ability has been 
demonstrated by curvature partitioning and tighter binding to liposomes that have curvatures 
similar to the intrinsic curvature of the BAR domain [47, 64]. Experiments have shown the 
curvature-partitioning behavior for a range of proteins, including dynamin [59, 84, 85], ENTH 
[86], Arf [87], Sar1 [47], and caveolin [88]. 
Curvature sensing can also result in collective behavior between membrane-bound 
proteins. It has been found that if one protein induces a given membrane curvature, it attracts 
additional proteins that favor a similar curvature [88–90]. While entropic membrane shape 
fluctuations can cause long-range attractive interactions between proteins [91], curvature-inducing 
proteins adsorbed onto membranes also experience attractive short-range interactions that are a 
consequence of membrane curvature [92]. For the latter, it is believed that the local elastic 
membrane perturbation that occurs in the vicinity of an adsorbed protein leads to oscillations in 
the membrane profile, which mediate attractive short-range interactions between proteins [90, 93]. 
Because curvature-mediated attraction can occur between proteins that do not have any specific 
interactions, this mechanism may provide a force to facilitate aggregation of proteins [92]. In fact, 
simulations have shown that once a minimal local bending is achieved, curvature-mediated 
interactions cause attraction between membrane-adsorbed proteins and drive protein clustering 
[92] The formation of protein clusters and aggregation further demonstrate the ability of membrane 
curvature to induce lateral phase segregation [90]. 
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1.3.4 Molecular crowding 
Protein aggregation on membrane surfaces can result in local crowding of proteins, which 
has been demonstrated by recent studies to induce high membrane curvature [47, 88, 94, 95]. This 
protein–protein crowding mechanism, by which protein molecules concentrate to form dense 
clusters, creates lateral steric pressure to drive membrane bending and aids in the formation of 
lipid buds and tubules [45, 94, 95]. Experiments on both proteins involved in tubulation and those 
that are not associated with membrane bending events have revealed a strong correlation between 
the frequency of membrane tubulation and the percentage of membrane surface covered by 
proteins [94–96]. More specifically, increasing membrane coverage results in increasing tubule 
formation, independent of the membrane-binding chemistry. This is believed to result from the 
pressure produced by increasing protein density, which decreases the area mobility of each protein 
on the membrane surface. Accordingly, this crowding mechanism is sufficient to generate 
membrane curvature on its own without involving other processes such as hydrophobic insertion. 
Indeed, it is interesting that protein–protein aggregation often leads to anisotropic rather than 
isotropic positive curvature. Perhaps this is due to the notion that proteins (and protein aggregates) 
are rarely isotropic, so that their steric interactions will also not be isotropic. 
Together, these observations suggest a mechanism for inducing and amplifying membrane 
curvature through steric congestion of proteins bound to membrane surfaces such that lateral 
pressures from local asymmetries in protein densities can cause drastic membrane shape changes. 
Furthermore, by concentrating protein binding to spatially confined regions of the membrane, such 
as lipid domains, the membrane deformation effects of protein–protein crowding may be amplified 
due to increased protein density on the surface, and thus, increased steric interactions [94]. It 
should be noted that aggregation of proteins on membrane surfaces is not necessarily coupled to 
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appreciable membrane deformation [88]. Other driving forces can bring proteins together, such as 
a protein having higher affinity for one lipid species or a certain lipid conformation [97–99]. For 
instance, lipid rafts are able to concentrate protein binding regions on a membrane [94] and is the 
process hypothesized to cause the aggregation of caveolin [100]. 
1.3.5 Membrane wrapping 
It is possible for a membrane to wrap partially around a peptide or protein if attractive 
interactions exist. For example, the interaction between an anionic membrane and a cationic 
peptide is driven by the entropic gain from counterion release, as the peptide and the membrane 
charge compensate one another. Since counterion release will be maximized when the cationic 
moieties of the peptide are closely associated with the anionic and polar head groups of the 
membrane, there is a tendency for the membrane to wrap around the oligomer to maximize contact 
between the charged portions of the oligomer and membrane [101–104]. We refer the reader to the 
following studies for more information on electrostatic interactions in membrane-based systems 
[105–109]. 
1.3.6 Composite mechanism 
With the survey above, we can see that proteins can utilize insertion, scaffolding, curvature 
sensing, curvature-mediated protein aggregation, molecular crowding, and membrane wrapping 
mechanisms to amplify and promote effective membrane curvature generation [44–47, 59, 63, 64, 
84–88, 94–100]. In addition, one can see that curvature generation in membranes is often achieved 
by combining different constitutive mechanisms, sometimes between proteins, or even between 
motifs or domains within a protein. This suggests that the effectiveness and reliability of cellular 
membrane deformation is attained through a concerted action of multiple mechanisms. The rich 
interplay between mechanisms can be illustrated by proteins involved in vesicle budding, such as 
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dynamin, which interacts with amphiphysin and endophilin. Similarly, coat protein clathrin binds 
to epsin. In both combinations of proteins, the former employs the scaffolding mechanism while 
the latter features amphipathic helices that apply the hydrophobic insertion mechanism. 
1.3.7 Summary 
From the discussion, we find that although we can describe idealized curvature-generating 
mechanisms as conceptually distinct, nature does not always recognize such demarcations and the 
mechanisms are not mutually exclusive. In fact, from recent work, it would appear that composite 
mechanisms may be the rule rather than the exception. The generation of membrane curvature is 
a complex interplay between lipids and proteins, and experimental data has shown that robust and 
effective membrane curvature generation is often the result of a combination of the mechanisms 
described above. The following chapters present case studies on peptides and proteins involved in 
different membrane-remodeling processes and show how membrane curvature generation 
mechanisms achieve topological changes relevant to their biological functions. Chapters 2–4 
examines synthetic AMP and CPP analogs, while chapter 5 investigates a natural cytokine with 
AMP-like activity. Chapters 6–8 explore viral, gamete, and mitochondrial proteins involved in 
membrane fusion and fission processes. 
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Chapter 2  
Two Interdependent Mechanisms of Antimicrobial Activity 
Allow for Efficient Killing in Nylon-3-Based Polymeric 
Mimics of Innate Immunity Peptides  
2.1 Introduction 
Over the past decade, the development and spread of antibiotic resistance has become a 
major global health risk. Each year in the United States, antibiotic-resistant infections affect over 
2 million people and result in more than 23,000 deaths. The expenditures associated with these 
infections in terms of annual health care costs and productivity losses are estimated to be as high 
as $20 billion and $35 billion, respectively [110]. Most antibiotics in clinical use kill or inhibit the 
growth of metabolically active bacteria by targeting various biosynthetic processes in growing 
bacteria, including the synthesis of proteins, RNA, DNA, peptidoglycan, and folic acid [111–114]. 
For instance, the β-lactam class of antibiotics, which includes penicillins, cephalosporins, and 
carbapenems, inhibit cell wall synthesis in cells undergoing division. Aminoglycoside, macrolide, 
tetracycline, and other antibiotics target the bacterial ribosome to inhibit protein synthesis. 
Resistance can develop in at least two general ways: biomacromolecules targeted by an antibiotic 
can mutate to minimize or eliminate susceptibility (genetic antibiotic resistance), or bacteria can 
                                                            
This chapter is adapted with permission from Lee, M.W., Chakraborty, S., Schmidt, N.W., Murgai, R., Gellman, S.H. 
& Wong, G.C.L. Two interdependent mechanisms of antimicrobial activity allow for efficient killing in nylon-3-based 
polymeric mimics of innate immunity peptides. Biochim. Biophys. Acta, Biomembr. 1838, 2269–2279 (2014). 
Copyright © 2014 Elsevier. 
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also adapt physiologically to become quiescent, or slow-growing. These persisting bacteria are 
able to evade deleterious effects through the down-regulation of biosynthetic processes that are 
often targeted by conventional antibiotics. Persisting bacteria are found in chronic infections, such 
as endocarditis, cystic fibrosis, and tuberculosis, which require prolonged treatment periods. 
Hence, there is a critical need for new structural classes of antibiotic therapeutics that are effective 
against slow-growing cells, and are not impeded by mechanisms of antibiotic tolerance. 
AMPs constitute a critical component of the eukaryotic innate immune system. 
Collectively, AMPs have broad-spectrum antimicrobial activity [12, 13, 115–118]. These host-
defense peptides are diverse in sequence and structure, but two common features are cationic 
charge and hydrophobicity [12, 117, 119–121]. Some AMPs, such as cecropin and magainin, adopt 
an amphipathic α-helical secondary structure, in which cationic and hydrophobic side chains are 
spatially segregated from one another, upon interaction with membranes [12]. Other AMPs, such 
as bactenecin and defensins, feature antiparallel β-sheet structure, around which cationic and 
hydrophobic regions are segregated. The combination of hydrophobic and cationic subunits is 
believed to play a key role in the antimicrobial activity of AMPs, enabling the disruption of 
bacterial membranes through a combination of electrostatic interactions involving the cationic side 
chains with the anionic membrane along with the insertion of hydrophobic side chains into the 
nonpolar interior of the lipid membrane bilayer [12, 13, 117, 122–124]. AMPs can destabilize 
membranes through a variety of processes, including pore formation, blebbing, budding, and 
formation of mixed peptide–lipid micellar assemblies (“carpet mechanism” [13]). Antimicrobial 
agents that mimic natural AMPs by targeting generic aspects of bacterial membranes may have 
potential for treating both antibiotic-resistant and slow-growing dormant infections. Membrane-
disruptive antimicrobial agents that directly interact with the bacterial membrane bilayer can 
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destabilize and compromise the physical integrity of the membrane. In general, membrane-targeted 
approaches have been shown to be clinically effective with newer antibiotics such as daptomycin, 
which is currently used to treat Staphylococcus aureus infections [111]. 
Recent work [116, 125, 126] has shown that the existence of negative intrinsic curvature 
lipids, such as PE, in the target membrane is an important determining factor in whether such 
membranes are permeated by AMPs: bacterial membranes with high PE concentrations are 
vulnerable to AMP-induced permeation, while eukaryotic membranes with low PE concentrations 
are not. Because many AMPs and synthetic compounds inspired by AMPs interact directly with 
membranes, the development of bacterial resistance against these agents is more difficult to 
achieve than against conventional antibiotics [127–130]. Nonetheless, bacterial resistance, in the 
form of reduced susceptibility to AMPs, is still possible through the modification of the membrane 
composition. Previous work has shown that bacteria can actively detect AMPs through two-
component signal transduction systems, such as PhoQP in Gram-negative bacteria and GraSR in 
Gram-positive bacteria, and respond by altering their membranes [127, 131–139]. However, a PE 
deletion, which would essentially confer immunity against membrane-active antibiotics, is found 
to be lethal in bacteria. This may help explain the unexpected absence of bacterial strains resistant 
to AMPs despite repeated exposure [125]. Thus, with increased clinical prevalence of bacterial 
resistance to conventional antibiotics, interest has grown in the prospect of using AMPs as 
therapeutic agents, and in designing new antibiotics inspired by AMPs. 
The attractive properties of natural AMPs have inspired extensive effort to develop 
synthetic analogs. Such efforts have included both oligomers of α-amino acids (α-peptides) [140–
142] and oligomers that contain unnatural subunits, such as β-peptides [143–145], α/β-peptides 
[146, 147], peptoids [148], and aromatic oligomers [149–153]. These AMP analogs have been 
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demonstrated to provide various potential advantages over conventional antibiotics: (1) tunable, 
custom designs, (2) ease in preparation, (3) cost-effectiveness, (4) antibacterial potency with 
reduced likelihood of resistance, and (5) allowance for additional new built-in functions. In fact, 
recent work has highlighted quantitative differences between natural AMPs and their present 
synthetic analogs in terms of their hydrophobic content and cationic charge [154]. However, all 
unnatural AMP-mimetic oligomers have specific sequences of subunits, which require solid-phase 
synthesis, a technique that is costly and therefore not practical for many applications [115]. This 
situation has prompted a number of groups to explore synthetic polymers as a novel source of 
AMP mimics over the past decade. In contrast to α-peptides and other sequence-specific 
oligomers, for which every molecule in a given sample is in principle identical, materials generated 
via polymerization reactions are mixtures, with variations in chain length and, for copolymers, in 
subunit sequence. However, polymer production is much less expensive than production of 
sequence-specific oligomers. Early studies revealed that polymers with high intrinsic 
hydrophobicity could be effective against bacteria but not cell-type selective, since these materials 
are hemolytic [149, 152, 153, 155]. More recently, polymers with carefully tuned hydrophobic–
hydrophilic balance have been shown to match the generic AMP activity profile: inhibiting 
bacterial growth at low concentrations but causing hemolysis only at much higher concentrations 
[156–160]. Nylon-3 polymers have proven to be quite promising in this regard [156, 158]. The 
nylon-3 backbone, comprised of β-amino acid residues, should be similar to the polyamide 
backbone of proteins in terms of physicochemical properties. Binary hydrophobic–cationic nylon-
3 materials are readily prepared via anionic ring-opening polymerization of appropriate pairs of β-
lactams [161]. 
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In recent work, we have found that the bactericidal activity of a broad range of peptidic 
antimicrobials is correlated with the induction of NGC, also known as saddle-splay curvature, 
which enables membrane destabilizing processes such as pore formation, blebbing, and budding. 
All the membrane-active antimicrobials examined induce NGC when the target membrane lipid 
compositions mimic those of bacterial membranes, but not when the lipid compositions are more 
representative of mammalian membranes. A key parameter for activity in this broad range of 
compounds is the concentration of negative intrinsic curvature (𝑐𝑐0 < 0) lipids, such as those with 
PE headgroups, which exist at significantly higher concentrations in bacterial cytoplasmic 
membranes compared to eukaryotic membranes. Existence of homologous behavior in synthetic 
antimicrobials [125, 126, 162] suggests a common root mechanism for selective membrane 
permeation. In fact, the trends observed for antimicrobial–lipid interactions are consistent with 
killing assays using Escherichia coli mutants engineered to have different amounts of PE lipids in 
their cytoplasmic membranes [125]. Importantly, we have deduced a criterion for amino acid 
compositions of AMPs based on the requirement for generating saddle-splay membrane curvature, 
and we have shown that this criterion is consistent with trends in amino acid composition of 1080 
known cationic AMPs [116]. 
Most biophysical studies of interactions between AMPs and membranes examine 
membrane behavior at a single lipid composition. However, bacterial membranes are known to 
exhibit different membrane compositions, which can be modulated in response to antimicrobials 
[163–170]. To complicate matters further, natural AMPs are intrinsically multifunctional. While 
many AMPs have membrane activity, it is known they also can bind intracellular targets [171–
173] and have immunomodulating activities [115, 174, 175]. Due to these complications and 
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others, it has been hard to correlate biophysical parameters, such as vesicle leakage and 
permeability, with antibacterial potency in general [117]. 
In this chapter, we examine a more circumscribed problem. We study the antimicrobial 
activity and membrane permeation activity of a set of nylon-3 polymers, including some that show 
AMP-like activity profiles. We show that this family of antimicrobial polymers is capable of two 
interdependent mechanisms of activity, one based on membrane permeation and one on DNA 
binding. Interestingly, at the minimum bactericidal concentration (MBC), the extent of bacterial 
membrane permeation, as measured by a β-galactosidase-based colorimetric assay on an E. coli 
ML-35 strain, is modest and clearly not enough to solubilize the entire membrane. All members 
of this family of antimicrobial polymers have sufficient local surface charge density to bind 
efficiently to intracellular DNA, in a manner similar to AMPs indolicidin [172] and buforin [173]; 
however, DNA binding cannot occur unless the polymer can traverse the bacterial membrane. We 
systematically investigate polymer-induced membrane deformation modes in a range of lipid 
concentrations found in E. coli and in mammalian cells using synchrotron small angle X-ray 
scattering (SAXS). Our study includes three nylon-3 polymers with three compositions, tBuBz-
MM63CH37 (A), Ac-MM63CH37 (B), and tBuBz-DM50CH50 (C-1, C-2, and C-3) (Figure 2.1). 
Three different batches of the tBuBz-DM50CH50 polymer were used for these studies, designated 
C-1, C-2, and C-3. These batches differ slightly with respect to average chain length (n = 27, 25, 
and 21, and molecular weights of 5129, 4590, and 4018 Da for Polymers C-1, C-2, and C-3, 
respectively) and show highly similar activity profiles. We find that the existence of NGC, which 
allows permeation of membranes and cellular entry of these antibacterial polymers in a manner 
reminiscent of cell-penetrating peptides, correlates well to their abilities to disrupt the membranes 
of and kill E. coli, a representative Gram-negative bacterial species [150–152]: polymers that have 
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low minimum inhibitory concentrations (MICs) induce cubic phases rich in NGC, whereas 
polymers with high MICs do not induce such phases. While all of the nylon-3 polymers can bind 
to DNA, not all of them can permeate membranes, which explains their large observed range of 
MICs. Taken together, these results suggest that the nylon-3 polymers have a concentration-
dependent mechanism of action. At concentrations near the MBC, they can permeate membranes 
without total membrane disruption and kill bacteria by binding intracellular targets such as DNA. 
However, at concentrations significantly higher than the MBC, they can potentially completely 
disrupt membranes. Furthermore, we find the two-component mechanism of these polymers to be 
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analogous to the mode of action employed by certain natural AMPs, such as indolicidin and 
buforin. 
 
Figure 2.1 | Polymer structures. Sequence-random nylon-3 polymers of general structure (a) were 
synthesized using hydrophobic and cationic β-lactam monomers classified as CH (cyclohexyl), DM 
(dimethyl), and MM (monomethyl) (b–d). Because the monomers were racemic, the resulting polymers 
tBuBz-MM63CH37 (A), Ac-MM63CH37 (B), and tBuBz-DM50CH50 (C-1, C-2, and C-3) were heterochiral. 
In this chapter, we examine several representative members from these subfamilies (e–i). The C-terminal 
imide units on the polymer chains result from the β-lactam utilized in the polymerization, with R1 and R2 
groups corresponding to the side chains of these β-lactams. Polymers have average chain lengths of 18, 27, 
27, 25, and 21, and molecular weights of 3458, 5174, 5129, 4590, and 4018 Da for A, B, C-1, C-2, and 
C-3, respectively. 
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2.2 Results and Discussion 
2.2.1 Nylon-3 polymer C-1 demonstrates antimicrobial membrane activity through 
vesicle leakage, membrane permeabilization, and bactericidal assays 
We examined the antimicrobial activity of polymer C-1, a member of the tBuBz-
DM50CH50 subfamily, through lipid vesicle leakage, bacterial membrane permeation, and 
bactericidal activity experiments. 
Vesicle leakage assay 
We examined the membrane effects of polymer C-1 with giant unilamellar vesicles 
(GUVs) using fluorescence spectroscopy. GUVs of lipid composition of 1,2-dioleoyl-sn-glycero-
3-phospho-L-serine (DOPS)/1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)/1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) = 20/60/20 mimicking PE-rich bacterial 
membranes were loaded with fluorescent calcein dye and incubated with polymer C-1 at two 
polymer-to-lipid (P/L) molar ratios: 1/28.3 and 1/56.7, which correspond to polymer 
concentrations of 1.99 and 0.995 μg/mL, respectively. Dye leakage was observed from the GUVs 
after exposure to the polymer, with higher P/L generating greater leakage (Figure 2.2a). P/L = 
1/56.7 reached maximum leakage of approximately 20% after 15 minutes of exposure. P/L = 
1/28.3, with twice the quantity of polymer, reached a maximum leakage of about 40% over the 
same amount of time. The leakage results demonstrate the ability of polymer C-1 to permeabilize 
model bacterial membranes rich in negative intrinsic curvature lipids. 
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Figure 2.2 | Leakage, permeabilization, and bactericidal assays demonstrate polymer antimicrobial 
activity. Polymer C-1 was shown to induce vesicle leakage, permeate E. coli membranes, and kill E. coli. 
(a) Polymer C-1 was exposed to DOPS/DOPE/DOPC = 20/60/20 vesicles encapsulated with calcein dye at 
P/L molar ratios of 1/28.3 and 1/56.7, which correspond to polymer concentrations of 1.99 and 
0.995 μg/mL, respectively. Percent leakage of calcein from vesicles was measured over a period of 
approximately 18 minutes. Polymer and Triton X-100 were added to vesicles at approximately 3 minutes 
and 16 minutes, respectively. (b) Polymer C-1 was incubated with ML-35 E. coli to assess its ability to 
permeate bacterial membranes. Membrane permeation was assessed by the amount of ONP produced, 
which was measured with absorbance at 405 nm. Polymer C-1 was added at approximately 3 minutes. The 
reported data are the average of four trials. (c) DH5α E. coli were exposed to polymer C-1 to determine its 
bactericidal ability. MBC of polymer C-1 was approximately 3.5 μg/mL for DH5α. Plot depicts the 
mean CFU/μL value at each polymer concentration. Error bars represent the standard deviation of the three 
trials. 
Polymer-induced permeabilization of E. coli ML-35 
To determine whether polymer C-1 is able to permeabilize actual bacterial membranes and 
not just membrane vesicles with simplified lipid compositions, we conducted an inner membrane 
permeability assay using the E. coli ML-35 strain. We measured the β-galactosidase activity of E. 
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coli ML-35 with o-nitrophenyl-β-D-galactopyranoside (ONPG) as the substrate. E. coli ML-35 is 
lactose permease-deficient with constitutive cytoplasmic β-galactosidase activity. Therefore, E. 
coli ML-35 cannot hydrolyze the lactose analog ONPG unless cells are permeabilized by 
membrane-disruptive agents. Upon membrane permeabilization, ONPG diffuses into the E. coli 
cytoplasm. As a result, colorless ONPG is hydrolyzed by β-galactosidase and converted to o-
nitrophenol (ONP), which can be measured by absorbance at 405 nm. Thus, the level of 
absorbance corresponds to the level of permeabilization achieved by a membrane-disruptive agent. 
(We note that permeation may exist via physical interactions between the polymer and membrane, 
at levels below those detectable in this type of assay.) Such membrane permeabilization assays 
have been previously utilized to assess the membrane destabilization capabilities of other nylon-3 
polymers [157] and AMPs as well [176–179]. For this assay, we tested concentrations of polymer 
C-1 up to 200 μg/mL in quadruplicate (Figure 2.2b). Polymer was added at approximately 3 
minutes. Increased absorbance was observed almost immediately upon addition of polymer C-1 to 
the E. coli ML-35 cells, which suggests potent membrane-destabilizing ability. Permeabilization 
kinetics were found to increase with increasing polymer concentration. 
Bactericidal activity assays 
To determine the lowest concentration of polymer C-1 required to achieve bactericidal 
activity against the DH5α strain of E. coli, an MBC assay was conducted. The experiment, 
completed in triplicate, evaluated polymer C-1 over a range of eight concentrations, 0, 1, 2, 2.5, 3, 
3.5, 4, and 5 μg/mL, with each assay consistently arriving at an MBC ~3.5 μg/mL (Figure 2.2c). 
These results show that polymer C-1 has strong activity against E. coli. 
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Taken together, these results are all mutually consistent, and indicate that membrane 
permeation is a component of the antimicrobial activity of polymer C-1. A quantitative comparison 
between the results from the vesicle leakage, membrane permeabilization, and bactericidal assays 
is informative. Based on the results from the ML-35 β-galactosidase activity assay, the amount of 
membrane permeation is relatively modest at the MBC of ~3.5 μg/mL. This consideration suggests 
that the membrane has not been solubilized at the MBC, and that membrane permeation is 
responsible for only a part of the bactericidal activity of polymer C-1. We propose that another 
component of the polymer's antimicrobial effect arises from interaction with bacterial DNA. 
Antibacterial nylon-3 polymers are highly cationic, with sufficient local surface charge 
density to bind to intracellular targets such as DNA, in a manner similar to AMPs indolicidin [172] 
and buforin [173]. An array of closely spaced cationic charges with a high charge density behaves 
much differently from the same number of cationic charges distributed farther apart. For instance, 
when a linear charged polymer has a distance between neighboring charged units of less than the 
Bjerrum length (~7 Å in water), Manning condensation will cause counterions to condense onto 
the charged polymer. Because of this phenomenon, the binding between cationic polymers and 
anionic polymers with similar local charge density is anomalously strong, due to the large entropic 
gain that results when the cationic and anionic surfaces charge compensate one another and release 
counterions maximally [101, 180–182]. Using SAXS, we confirmed that the nylon-3 polymers we 
studied are capable of strongly condensing DNA (Figure 2.3), due to charge density matching. 
However, it is possible that other intracellular targets with similar charge densities can also be 
bound by the polymer. If we assume one copy of DNA per E. coli cell and complete charge 
matching between cationic polymer C-1 and DNA, at the MBC of 3.5 μg/mL, we estimate that 
polymer C-1 is able to condense up to 6 × 10−12 g of DNA per cell (see Methods for estimation 
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details). This quantity is ~1000-fold larger than the amount of DNA in a single E. coli cell [183]. 
Thus, at the MBC, 0.1% of polymer C-1 molecules are sufficient to bind all DNA in the cell. 
Together these results suggest that the overall bactericidal activity of the nylon-3 polymers involve 
a combination of membrane permeation and DNA-binding activity. However, it is important to 
note that DNA binding cannot occur if the polymer is unable to cross the bacterial membrane, 
which we examine in the next section. 
 
Figure 2.3 | Polymer-induced DNA condensation. (a) SAXS profile of DNA with polymer C-3 at 
polymer-to-DNA (P/D) charge ratios of 1/3, 1/2, and 1. Correlation peaks were observed at Q between 2.1 
and 2.2 nm−1, indicating DNA condensation with the added polymer. (b) A schematic representation of 
DNA ordering induced by cationic antimicrobial polymers, such as C-3. 
2.2.2 Sequence-random nylon-3 polymers can generate NGC in model bacterial 
membranes with high PE concentrations but not in model eukaryotic membranes 
with low PE concentrations 
To investigate the membrane deformations induced by antibacterial nylon-3 polymers, we 
employed small unilamellar vesicles (SUVs) with phospholipid compositions representative of the 
Gram-negative bacterium E. coli, (1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) 
(DOPG)/DOPE = 20/80). These SUVs were incubated with three polymers, A, B, and C-2 (Figure 
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2.1) at a variety of P/L ratios, and the resulting structures were characterized by SAXS. 
Synchrotron SAXS profiles (Figure 2.4) from lipid vesicle solutions exhibited a broad 
characteristic feature consistent with a single lipid bilayer form factor characteristic of unilamellar 
vesicles. When exposed to the nylon-3 polymer A, the lipid vesicles undergo a structural transition, 
as indicated by two distinct sets of new correlation peaks with specific ratios of Q values in the 
diffraction data (Figure 2.4a). One set of characteristic Q-ratios √2:√3 indexed to the formation 
of a cubic (QII) Pn3m “double-diamond” lattice, with lattice parameter 𝑎𝑎A_𝑃𝑃𝑃𝑃3𝑚𝑚 = 17.29 nm (P/L 
= 1/57) (see Methods for indexing procedures). The other set had integral Q-ratios 1:2:3:4, 
consistent with a lamellar (Lα) phase having a periodicity 𝑑𝑑A_Lα ≈ 5.18 nm (across all tested P/L). 
When vesicles were exposed to C-2, we also observed two sets of correlation peaks (Figure 2.4c). 
One set had Q-ratios √2:√4:√6, indicating the presence of an Im3m “plumber’s nightmare” cubic 
phase with lattice parameter 𝑎𝑎C−2_𝐼𝐼𝑚𝑚3𝑚𝑚 = 20.59 nm (P/L = 1/62.5), and the other had integral Q-
ratios from a lamellar phase with periodicity 𝑑𝑑C−2_Lα ≈ 5.10 nm (across all tested P/L). In contrast 
to A and C-2, exposure of B to the lipid vesicles showed only a lamellar phase with a periodicity 
of 𝑑𝑑B_Lα ≈ 5.23 nm, indicative of inter-membrane attraction without the generation of significant 
curvature (Figure 2.4b). The lattice parameters of each of the cubic phases were calculated by the 
slope of a linear regression through the set of points corresponding to the reflections, with each 
point defined by coordinates for the measured Q-position and its assigned reflection (Figure 2.5a). 
Both the Pn3m and Im3m are bicontinuous cubic phases consisting of two sets of non-intersecting 
water channels separated by a lipid bilayer (Figure 2.5b) [6, 184]. The midplane of this bilayer 
traces a minimum surface characterized by NGC, also known as saddle-splay curvature, at every 
point. While bilayer saddle-splay curvature is distinct from self-connected monolayer saddle-splay 
curvature, such as that found in toroidal pores, each monolayer in a bicontinuous cubic phase is 
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characterized by NGC at every point of the surface. NGC is the saddle-shaped curvature observed 
along the inside of toroids and at the bases of buds and blebs (Figure 2.5c). Previously, we found 
a strong correlation between AMP-induced formation of cubic phases and AMP-induced 
membrane permeation [116, 185]. While both 2D membrane permeation (vesicle leakage and 
membrane permeabilization) and bulk 3D lipid system cubic phase generation (SAXS 
experiments) require NGC, the precise quantitative amount of NGC for each outcome is expected 
in general to be different. Our observations with model E. coli membranes show that two of the 
three nylon-3 polymers tested with SAXS, A and C-2, formed cubic phases, suggesting that these 
polymers may permeate membranes through the induction of NGC in a manner consistent with 
that of natural AMPs. The remaining polymer, B, does not appear to disrupt membranes due to the 
absence of cubic phases. Interestingly, this observation is consistent with the MIC measured for 
B, as described below. 
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Figure 2.4 | SAXS spectra show polymer induction of NGC in prokaryotic-like membranes rich in 
PE. SAXS profiles from DOPG/DOPE = 20/80 lipid vesicle solutions after exposure to polymers A, B, and 
C-2 (a–c). Correlation peaks indexing to the formation of a Pn3m cubic phase was observed for polymer A 
at molar ratio P/L = 1/57, which corresponds to a P/L charge ratio of 1. An Im3m cubic phase was induced 
when vesicles were exposed to polymer C-2 at a molar ratio of P/L = 1/62.5, which also corresponds to a 
charge ratio of 1. In contrast to A and C-2, exposure of lipid vesicles to polymer B resulted in only a lamellar 
phase with a periodicity of 5.23 nm. The MICs and MIC-equivalent P/L molar ratio of each polymer are 
provided for comparison (see Methods for estimation details). 
AMP selectivity against bacteria over animal cells is believed to be a consequence of their 
membrane compositional differences. Based on previous studies, amphipathic AMPs are believed 
to disrupt bacterial membranes through a combination of electrostatic and hydrophobic effects [12, 
13, 115, 117, 122–124]. Bacterial membranes contain large amounts of anionic lipids such as PG, 
negative intrinsic curvature lipids such as PE, and also lipids such as CL that have both anionic 
and negative intrinsic curvature characteristics. These lipids are less common in the outer leaflets 
of animal cell membranes, which are rich in neutral zwitterionic lipids such as PC [12, 116, 123]. 
A range of lipid compositions have been reported for bacterial membranes [163–170]. To the 
origin of prokaryote versus eukaryote selectivity of the nylon-3 polymers, we systematically 
examined how varying the membrane composition affects the ability of the polymers to restructure 
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vesicles. We constructed SUVs with ternary DOPG/DOPE/DOPC lipid compositions with a 
constant anionic charge (DOPG = 20%) typical of bacterial membranes [5, 186]. DOPG and DOPC 
are characterized by having zero intrinsic curvature (𝑐𝑐0 ≈ 0), whereas DOPE and CL have negative 
intrinsic curvature (𝑐𝑐0 < 0). Enriching a membrane with these negative intrinsic curvature lipids 
will shift the monolayer intrinsic curvature toward more negative values. Thus, by fixing the 
DOPG content to 20%, we are able to independently tune the ratio of DOPE/DOPC and 
consequently membrane curvature. Phase diagrams for polymers A, B, and C-2 (Figure 2.6) 
illustrate that the general trend for decreasing DOPE/DOPC was the suppression of nonlamellar 
phase formation. More specifically, reduction of DOPE/DOPC membrane content to 60/20 
extinguished the cubic phases, to leave only the lamellar phase. This observation further suggests 
that the nylon-3 polymers require high PE content of approximately 80% to generate NGC in lipid 
membranes. The phase diagram for polymer A at DOPG/DOPE/DOPC = 20/80/0 depicts a 
progression of inverted hexagonal phase (HII) → QII → Lα as P/L increased to large values, with 
the induction of a cubic phase at a P/L charge ratio of ~1 (equivalent to molar ratio of P/L = 1/57). 
For an E. coli MIC assay, this P/L ratio of 1/57 corresponds to a polymer concentration of 
approximately 1.4 ng/mL (see Methods for estimation details), which is drastically less than 
observed MICs as expected: structural changes in the membrane from NGC generation (such as 
pore formation) accumulate as the polymer concentration increases, and eventually culminate in 
the MIC. 
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Figure 2.5 | Polymer-induced cubic phases are characterized by NGC. (a) The measured Q-positions 
of the diffraction peaks were plotted for polymers A and C-2 to show indexing of the cubic phases. The 
slopes of the linear regressions correspond to their lattice parameters, which were 17.29 nm and 20.59 nm, 
respectively. (b) A 3D illustration of the Pn3m cubic phase, which is characterized by NGC at every point 
on the surface. NGC has a saddle-splay shape, with positive (+) curvature in one direction and negative (−) 
curvature in the perpendicular direction. (c) NGC can be found at the interior surface of a pore (1), the base 
of blebs (2) and rod-like projections (3), and the necks of buds (4). 
Similarly, the phase diagram for polymer C-2 indicates cubic phase generation at 
approximately the P/L charge ratio of 1 (molar ratio P/L = 1/62.5). Unlike the two previous 
polymers, B displayed only lamellar phases over the entire range of tested P/L ratios and membrane 
compositions. An additional set of ternary membranes of DOPG/DOPE/CL was tested with A, 
which also resulted in the generation of Pn3m cubic phases. For these lipid compositions, although 
we also observed nonlamellar phase suppression with decreasing DOPE/CL, cubic phases were 
induced at a lower PE content of 60%. This finding is consistent with previous studies that have 
shown that CL lipids can substitute for PE in certain conditions [162, 187]. Because membrane 
44 
lipid compositions vary between bacterial species and can undergo modification, we evaluated the 
robustness of curvature generation among a range of model membranes of different compositions. 
The preference for these nylon-3 polymers to generate cubic phases at a high PE content of 
60–80% points to a mechanism of selectivity for bacterial membranes, such as that of E. coli, 
which has a composition of PG/PE/CL ≈ 20/70/10–20/75/5 [163, 168]. We note that this 
mechanism is cognate with those observed for natural and synthetically derived AMPs [116, 125, 
126, 154, 188]. 
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Figure 2.6 | MIC values of polymers against E. coli correspond with structural changes in model 
membranes. Phase diagrams of structural changes induced by polymers A, B, and C-2 in ternary 
membranes composed of DOPG/DOPE/CL and DOPG/DOPE/DOPC with fixed DOPG content at 20%. 
Symbols used to indicate phases: open blue squares (QII), solid green hexagons (HII), open red circles (Lα), 
and solid black circles (unilamellar). Table shows E. coli MICs and ability of each polymer to generate 
NGC in both binary and ternary model membranes containing different amounts of PG, PE, CL, PC, and 
PS with checkmarks indicating the existence of cubic phases and Xs indicating their absence. The MICs 
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and MIC-equivalent P/L molar ratio of each polymer are provided for comparison (see Methods for 
estimation details). 
2.2.3 MIC values of nylon-3 polymers against E. coli correspond with NGC generation 
observed in SAXS studies 
Antimicrobial activity of polymers A, B, and C-2 against E. coli was assessed by measuring 
their MICs. SAXS data collected previously on these nylon-3 polymers, with bacterial- and 
eukaryotic-like model membranes, were compared against their MICs (table in Figure 2.6). The 
five following compositions were used to model PE-rich prokaryotic membranes: 
DOPG/DOPE/CL = 10/80/10 and 20/60/20, DOPG/DOPE/DOPC = 20/80/0 and 20/60/20, and 
DOPS/DOPE = 20/80 [116, 154, 186]. The first three of these membranes served specifically to 
mimic that of E. coli, which is composed of PG/PE/CL ≈ 20/70–75/5–10 [163, 168]. Membranes 
with decreased PE content served as eukaryotic-like models, which included the following: 
DOPG/DOPE/DOPC = 20/40/40, 20/30/50, 20/20/60, and 20/10/70. In general, we found that the 
presence of NGC, which allows for the permeation of membranes and cellular entry of these 
polymers, correlates to their bactericidal ability against E. coli. The polymers with low MICs (A 
and C-2) were able to induce cubic phases rich in NGC. However, polymer with a high MIC (B) 
was unable to induce cubic phases. 
Polymer A induced cubic phases in the three membrane compositions that mimicked E. 
coli, which suggests that it destabilizes and permeates E. coli membranes by generating NGC. Its 
low MIC against E. coli, at 50 μg/mL, further supports the correspondence of induced membrane 
disruption with bacterial killing. Similarly, polymer C-2 was observed to generate NGC in the E. 
coli model membrane DOPG/DOPE = 20/80 and had a potent MIC of 6.25 μg/mL. For A and C-2, 
there was diminished to no NGC generation for membranes that deviated from E. coli 
47 
compositions. Because they exclusively induced NGC in compositions mimicking E. coli 
membranes, we can infer selectivity of these nylon-3 polymers for prokaryotic over eukaryotic 
membranes. On the contrary, recall polymer B induced only lamellar phases across the tested 
DOPG/DOPE/DOPC membranes. The absence of NGC generation suggests little to no membrane 
permeation. The high MIC value of 400 μg/mL for B further indicates low antimicrobial activity, 
which would result from the lack of both membrane permeation and DNA binding, the latter 
because this polymer is unable to traverse the cellular membrane. 
We hypothesize that the lower antimicrobial activity and membrane activity of polymer B 
may be the result of an overall lower hydrophobicity in comparison with the other tested polymers, 
perhaps due to the absence of a p-(tert-butyl)benzoyl unit at the N-terminus and higher cationic 
charge resulting from 63% charged units of a longer chain length [158]. Lower hydrophobicity 
would decrease the tendency of the polymer to insert into the lipid core of membranes, which is 
necessary for permeation. Moreover, lower hydrophobicity and higher cationic charge of polymer 
B are in agreement with its decreased antimicrobial activity based on previously established design 
principles for AMPs [116]. 
2.3 Conclusions 
We have demonstrated that the antibacterial activity of nylon-3 polymers can be attributed 
to two interdependent channels of action. These polymers are able to permeate bacterial 
membranes and to bind to intracellular targets such as DNA. The bactericidal activity of these 
polymers can be further correlated with their ability to generate cubic phases rich in NGC, which 
is topologically necessary for membrane-disruptive processes. Ablation of membrane activity will 
necessarily suppress binding to an intracellular target such as DNA. Our findings suggest that these 
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polymers operate with a concentration-dependent mechanism of action. Polymer concentrations 
near the MBC allow polymer molecules to cross cell membranes and bind to DNA without 
complete membrane disruption. However, at polymer concentrations that significantly exceed the 
MBC, complete disruption of the membrane is possible. 
2.4 Methods 
2.4.1 Polymer synthesis 
Polymers were prepared from two types of β-lactam, some that lead ultimately to cationic 
subunits, MM (“monomethyl”) or DM (“dimethyl”), and others that provide lipophilic subunits, 
CH (“cyclohexyl”) [156, 158, 189, 190]. All polymerizations were carried out in a N2-purged dry 
box at room temperature. In a typical polymerization reaction, β-lactam monomers were weighed 
out in the appropriate molar ratio and placed in a reaction vial. To the vial was then added 
anhydrous tetrahydrofuran (THF) and tbuBzCl or acetyl chloride (coinitiator) to achieve the 
desired monomer:coinitiator ratio and a monomer concentration of 0.1 M. The mixture was 
allowed to stir until all materials had dissolved. Polymerization was initiated by addition of 
Li(NSiMe3)2 solution (2.5 equivalent to the starting coinitiator concentration) in THF. The 
resulting solution was stirred for 3–4 h at room temperature. The reaction vial was removed from 
glove box, and the polymerization was quenched by adding 3–4 drops of methanol. The resulting 
polymer was precipitated by pouring the solution into pentane. The solid was isolated by 
centrifugation, and the supernatant liquid was decanted off. The solid was re-dissolved in THF and 
then re-precipitated with pentane. After two more repetitions of precipitation/centrifugation 
procedure, the white pellet was dried under vacuum to constant weight. Deprotection of the Boc 
group was carried out by dissolving the polymer in 2 mL neat trifluoroacetic acid. The reaction 
49 
vessel was placed on a shaker for 2 h (room temperature). The resulting solution was poured into 
cold ether to cause the deprotected polymer to precipitate. The solid was isolated by centrifugation, 
and the supernatant liquid was decanted off. The solid was dried under a stream of N2. The 
precipitate was washed with ether twice and dried under vacuum. The material was then dissolved 
in 5–10 mL of water and lyophilized to yield the polymer as a white fluffy solid. 
2.4.2 Vesicle dye leakage experiments 
GUVs composed of DOPS/DOPE/DOPC = 20/60/20 were prepared encapsulated with 
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 40 mM calcein AM dye 
(pH 7). GUVs were synthesized using a freeze–thaw method and extruded through a 0.4 μm pore 
filter. The vesicles were then collimated and suspended in 100 mM NaCl, 10 mM 2-(N-
morpholino)ethanesulfonic acid (MES) buffer at a 1:12 dilution. A spectrofluorimeter was used to 
examine leakage in these vesicles, with excitation at 490 nm and emission at 510 nm. The baseline 
intensity of the vesicle solution was determined before polymer C-1 solution was added in pre-
determined P/L molar ratios. The resulting increase in fluorescence intensity was indicative of 
vesicle leakage, and addition of 20% Triton X-100 was used to establish 100% leakage levels by 
fully permeabilizing the vesicle membranes. Percent leakage of calcein from vesicles was 
measured over a period of about 18 min. Polymer solution and Triton X-100 were added to vesicles 
at approximately 3 min and 16 min, respectively. 
2.4.3 E. coli ML-35 membrane permeability assays 
E. coli ML-35 strain was a generous gift from Professor André J. Ouellette at the University 
of Southern California. This particular E. coli strain is characterized by its lactose permease 
deficiency but constitutive β-galactosidase activity. Accordingly, it is unable to uptake the lactose 
analog ONPG unless it is permeabilized by membrane-disruptive agents. Upon membrane 
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permeation, ONPG diffuses into the bacterial cell cytoplasm and is hydrolyzed by β-galactosidase 
to yield ONP, which can be measured by absorbance at 405 nm [191]. E. coli ML-35 cells were 
grown up in tryptic soy broth (TSB) at 37 °C for 18 h to reach stationary phase. A 50 μL culture 
was diluted with fresh TSB by 100-fold and regrown at 37 °C for approximately 2 h to reach mid-
log growth phase, with an optical density (OD) at 600 nm of 0.5–0.7. Log-phase E. coli ML-35 
cells were washed three times and resuspended in 100 mM NaCl, 10 mM MES (pH 7) to 
approximately 1 × 108 CFU/mL. In a 96-well plate, 15 μL of bacterial suspension was exposed to 
polymers (at specified concentrations) in the presence of 2.5 mM ONPG, 1% TSB, 100 mM NaCl, 
10 mM MES (pH 7) for approximately 80 min at 37 °C. The kinetics of ONPG hydrolysis to ONP 
was measured by absorbance at 405 nm using a Tecan Infinite 200 microplate reader. Polymer C-1 
was assayed in quadruplicate for concentrations of 0, 10, 25, 50, and 200 μg/mL. 
2.4.4 MBC assays 
Frozen stock of E. coli DH5α strain (Invitrogen) was streaked onto a fresh TSB agar plate 
and grown overnight at 37 °C. A single colony sourced from the streaked agar plate was used to 
grow up a new culture in TSB overnight in a 37 °C shaker. Bacteria from overnight culture was 
added to fresh TSB and shaken at 37 °C for 2 h to achieve log-phase bacteria. E. coli was diluted 
down with additional TSB to a working density of ~5 × 106 CFU/mL. In a 96-well plate, 180 μL 
each of eight concentrations of polymer C-1 solubilized in 100 mM NaCl, 10 mM HEPES (pH 7) 
was mixed with 20 μL of working bacterial solution, to achieve a total volume of 200 μL in each 
of the eight wells. Final concentrations of polymer C-1 for these wells were 0, 1, 2, 2.5, 3, 3.5, 4, 
and 5 μg/mL. The plate was shaken at 37 °C for 1.5 h. Reaction mixtures were then diluted 1:100 
in 100 mM NaCl, 10 mM HEPES (pH 7); 100 μL of each of the eight dilutions was plated onto 
TSB agar plates in 10 × 10 μL drops. Bacterial cell survival was determined by counting CFU after 
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overnight growth at 37 °C and scaling up by the dilution factor, and expressed as a function of 
polymer concentration. The assay was completed in triplicate on the same day. 
2.4.5 Liposome preparation 
DOPG, DOPS, DOPE, DOPC, and bovine heart CL, lyophilized lipids from Avanti Polar 
Lipids, were used without further purification. For X-ray experiments, SUVs were prepared by 
sonication. Briefly, individual lipid stock solutions of DOPS, DOPE, DOPC, DOPG, and CL were 
prepared in chloroform at a concentration of 20 mg/mL. Mixtures of these lipids were prepared at 
specific molar ratios for each model membrane composition. The lipid mixtures were evaporated 
under N2 and desiccated under vacuum overnight. The resulting lipid films were hydrated in 
aqueous 100 mM NaCl, 10 mM HEPES at pH 7, unless specified at pH 5 conditions (100 mM 
NaCl, 10 mM NaOAc), to a final concentration of 20 mg/mL and incubated at 37 °C overnight. 
The lipid solutions were sonicated until clear and then extruded through a 0.2 μm pore Nucleopore 
filter (Whatman) to yield SUVs. 
2.4.6 DNA preparation 
Lambda DNA (λDNA) (1250 μg) was purchased from New England Biolabs; 40 μL of 
4 °C 3 M NaOAc and 5 μL of 0.3 M MgCl2 were added into the λDNA vial. The mixture was then 
centrifuged at 4000 rpm for 1 min at room temperature and cooled at 4 °C for 20 min. A total of 
800 μL of −20 °C 100% ethanol was subsequently added to the mixture and then kept at −20 °C 
overnight. The mixture was then centrifuged at 13,500 rpm for 10 min on the following day. The 
supernatant was removed and the precipitate washed by adding 1 mL of −20 °C 100% ethanol and 
centrifuged at 15,000 rpm for 10 min at 0 °C. Supernatant was removed again and the precipitate 
was washed again, by adding 1 mL of −20 °C 70% ethanol and centrifuged at 15,000 rpm for 2 min 
at 4 °C. The supernatant was removed and 70% ethanol wash was repeated. Once the supernatant 
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was removed, the vial was inverted to drip dry onto filter paper for at least 2 h. The λDNA was 
then reconstituted in 100 mM NaCl, 10 mM MES (pH 7). 
2.4.7 SAXS experiments and data analysis 
Polymers and lipid solutions were mixed at specific P/L molar ratios and sealed in quartz 
capillaries (Hilgenberg GmbH, Mark-tubes). Samples were prepared in 100 mM NaCl, 10 mM 
HEPES at pH 7, unless indicated for pH 5 conditions (100 mM NaCl, 10 mM NaOAc). For λDNA 
samples, λDNA was mixed with polymer C-3 at specified P/D charge ratios in 100 mM NaCl, 
10 mM MES (pH 7) and sealed in quartz capillaries. SAXS experiments were conducted at the 
Stanford Synchrotron Radiation Lightsource (SSRL, beamline 4–2) and at the Advanced Light 
Source (ALS, beamline 7.3.3), using monochromatic X-rays with energies of 9–11 keV and 
10 keV, respectively. The scattered radiation was collected using a Rayonix MX225-HE detector 
(pixel size of 73.2 μm) at SSRL and a Pilatus 100k detector (pixel size of 172 μm) at ALS. No 
radiation damage was observed for the incident beam intensities and the exposure times used. 2D 
SAXS powder patterns were integrated using the Nika 1.50 package [192] for Igor Pro 6.31 and 
FIT2D [193]. 
Q-positions of the diffraction peaks were obtained by visual inspection of the integrated 
scattering intensity I(Q) versus Q SAXS data graphed in Origin Lab software. The ratios among 
these measured peak positions (𝑄𝑄measured) were compared with the ratios of permitted reflections 
for different crystal phases to identify the phases present in the sample. After determining the 
crystal phase, its lattice parameter was calculated by the slope of the linear regression through the 
set of points corresponding to the reflections, with each point designated by coordinates of 
𝑄𝑄measured and the associated reflection (in terms of Miller indices, ℎ, 𝑘𝑘, 𝑙𝑙). For a powder-averaged 
cubic phase 𝑄𝑄measured = (2π 𝑎𝑎⁄ )√ℎ2 + 𝑘𝑘2 + 𝑙𝑙2. We take the linear regression of 𝑄𝑄measured versus 
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√ℎ2 + 𝑘𝑘2 + 𝑙𝑙2 for a cubic phase, and from its slope (𝑚𝑚 = 2π 𝑎𝑎⁄ ), we can back out the cubic lattice 
parameter, 𝑎𝑎. SAXS data from λDNA samples were schematically represented using VMD 
software [194]. 
2.4.8 Bacterial growth inhibition (MIC) assays 
Assays were performed as previously reported with moderate changes in the procedure 
[144]. The bacteria used in these assays were E. coli JM109 [195], Bacillus subtilis BR151 [196], 
S. aureus 1206 (methicillin-resistant) [197], and Enterococcus faecium A634 (vancomycin-
resistant) [198]. Antibacterial activities were determined in sterile 96-well plates. Bacterial cells 
were grown overnight at 37 °C on agar, after which a bacterial suspension of approximately 2 × 
106 CFU/mL in Luria broth (LB) or Brain-Heart Infusion growth medium was prepared. Samples 
(50 μL) of this suspension were added to 50 μL of medium containing the polymer in 2-fold serial 
dilutions for a total volume of 100 μL in each well. The plates were then incubated at 37 °C for 
6 h. Bacterial growth was determined by measuring the OD at 650 nm using a Molecular Devices 
Emax precision microplate reader. Positive control was OD without addition of polymer and 
negative control was OD of the medium without inoculum. The MIC is defined as the lowest 
concentration at which complete inhibition of bacterial growth was observed (no increase in OD 
over the course of the experiment). Assays were performed in duplicate for two separate 
experiments. 
2.4.9 DNA condensation estimation 
Using the molar mass of E. coli DNA and assuming one copy of DNA per bacterium, we estimate 
the mass of DNA per cell. We then calculate the mass of polymer required in one 200 μL well at 
the MBC (3.5 μg/mL). With the cell density of 105 bacteria per well, we can estimate the moles of 
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DNA the polymer can charge-match per bacterium. This is the amount of DNA that the polymer 
is able to condense in one bacterium at a polymer concentration equal to the MBC. We can 
compare this value with the actual mass of DNA in one bacterium. 
2.4.10 MIC to P/L ratio estimation 
With each 100 μL well in an MIC assay containing 105 bacteria, we estimate the total area of cell 
membrane in each well. Then, assuming each lipid headgroup occupies approximately 70 Å2, we 
estimate the moles of lipid per well. With the MIC of the polymer and well volume, we determine 
the mass of polymer per well, and with the molecular weight of the polymer, we calculate the 
moles of polymer per well. Using the moles of polymer per well and the moles of lipid per well, 
we arrive at a P/L ratio. 
2.4.11 P/L ratio to polymer concentration estimation 
We estimate the surface area of an E. coli cell as a spherocylinder that is 2 μm long and 1 μm wide. 
With each 100 μL well in an MIC assay containing 105 bacteria, we estimate the total area of cell 
membrane in each well. Then, assuming each lipid headgroup occupies approximately 70 Å2, we 
estimate the moles of lipid per well. With the P/L molar ratio, we determine the moles of polymer 
per well, and with the molecular weight of the polymer and well volume, we calculate the 
concentration of polymer. We can compare this value with the MIC. 
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Chapter 3  
Helical Antimicrobial Polypeptides with Radial 
Amphiphilicity  
3.1 Introduction 
AMPs typically contain ~40–60 amino acids, consisting of both cationic and hydrophobic 
amino acids. They adopt various secondary structures and can kill a broad range of bacteria. As 
AMPs target generic and necessary lipid components of bacterial membranes [125, 199] and 
depend less on specific bacterial metabolic status [111, 115, 117, 200], development of resistance 
has been slow. For these reasons, AMPs have attracted significant attention as potential therapeutic 
agents and inspired the development of synthetic analogs. Among AMPs, the α-helical peptides 
are the most heavily investigated and are generally characterized by a facially amphiphilic (FA) 
structure, in which the cationic and hydrophobic amino acids are segregated to opposite faces of 
the helix. This distinct structure is believed to facilitate membrane disruption and is well-correlated 
with antimicrobial activity [12, 13, 117, 122, 201]. Recent work has specifically shown how the 
amino acid composition of AMPs enables their activity via membrane curvature generation [116, 
119, 121]. 
Despite extensive efforts, the commercial development of AMPs has seen limited success, 
in part due to drawbacks inherent to peptides. Although much has been learned from fundamental 
                                                            
This chapter is adapted with permission from Xiong, M., Lee, M.W., Mansbach, R.A., Song, Z., Bao, Y., Peek, R.M., 
Yao, C., Chen, L.-F., Ferguson, A.L., Wong, G.C.L. & Cheng, J. Helical antimicrobial polypeptides with radial 
amphiphilicity. Proc. Natl. Acad. Sci. U. S. A. 112, 13155–13160 (2015). Copyright © 2015 National Academy of 
Sciences. 
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studies on AMP mechanisms [125, 126, 199, 202], precise, quantitative predictions of an AMP’s 
activity, therapeutic index, and antimicrobial activity relative to off-target eukaryotic cytotoxicity 
are not currently feasible. Designing new AMP-based antibiotics relies on sequence-controlled 
peptide synthesis and parameter optimization, which is expensive and labor-intensive. 
Furthermore, most AMP-derived antibiotics exhibit poor stability in biological systems. LL-37 
and magainin, for example, can be degraded by proteases in blood circulation within several 
minutes and lose their antimicrobial activities [203, 204]. In general, due to the nature of their FA 
structure, the exposed hydrophobic helix face of AMPs (Figure 3.1A) can lead to undesired 
interactions with proteins and self-aggregation. For instance, AMP helix bundles have been 
reported to cause substantially reduced antimicrobial activity [142, 205]. 
Substantial interest in therapeutic applications for AMPs has led to the development of 
synthetic AMP analogs, such as β-peptides [143–145, 206], α/β-peptides [146, 147], peptoids 
[148], and aromatic oligomers [126, 149–152]. While these compounds have demonstrated 
improved stability over natural AMPs, they are generally sequence-specific and often require 
solid-phase peptide synthesis, thereby sharing similar advantages and developmental drawbacks 
with AMPs. More recent efforts have focused on developing synthetic polymer-based AMP 
mimics that feature both cationic and hydrophobic groups, which can be prepared through cost-
effective polymerization processes. For example, simplified polymeric AMP analogs include 
poly(methacrylamides) [207], poly(β-lactams) [156, 158, 202, 208, 209], polypeptides [210–212], 
poly(norborenes) [213, 214], and poly(carbonates) [215, 216]. These compounds are considerably 
less expensive than peptides, and much work is being done to optimize them. 
More recently, a class of antimicrobial polypeptides has been designed with radially 
amphiphilic (RA) structures (Figure 3.1B) rather than FA structures (Figure 3.1A) [217]. These 
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homopolypeptides feature a helical backbone radially decorated with hydrophobic side chains with 
terminal cationic groups (Figure 3.1C). Together, the charged groups form a hydrophilic outer 
shell, which shields the hydrophobic core and thereby reduces the potential for polypeptide self-
aggregation, interactions with blood proteins, and protease degradation. The RA polypeptide 
PHLG-BIm has demonstrated antimicrobial activity against both Gram-negative and Gram-
positive bacteria, the permeabilization and disruption of bacterial membranes, and the ability to 
amplify the antimicrobial effects and intracellular uptake of conventional antibiotics [217]. These 
findings collectively point to a physical mechanism for their antimicrobial action. 
 
Figure 3.1 | Design of radially amphiphilic helical polypeptide. Illustrations depicting (A) facially 
amphiphilic and (B) radially amphiphilic structures. (C) The chemical structure of PHLG-BIm. 
In this chapter, we use synchrotron SAXS to quantitatively characterize the membrane 
curvature and phase behavior of polypeptide–lipid complexes. By varying the membrane lipid 
composition, we probe the curvature deformations induced by the polypeptides as a function of 
biophysical membrane properties. We find that their antimicrobial activity agrees with their ability 
to generate the type of curvature required for pore formation and other membrane-destabilizing 
processes. These results provide an explanation for the bactericidal activity and selectivity of the 
polypeptides based on the topological requirements for membrane destabilization. 
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3.2 Results 
3.2.1 RA polypeptide generates NGC in model bacterial membranes 
To elucidate the root causes of selective membrane activity for the RA polypeptides, we 
used synchrotron SAXS to investigate the type and quantity of membrane curvature deformations 
induced by PHLG-BIm. SUVs were prepared with lipid compositions representative of bacterial 
(DOPG/DOPE = 20/80) and eukaryotic (DOPS/DOPC = 20/80) membranes. Compositions 
DOPG/DOPE/DOPC = 20/60/20 and 20/40/40 were also used as model systems to isolate the role 
of negative intrinsic curvature lipids such as PE, because eukaryotic membranes are known to have 
lower PE content relative to bacterial membranes. SUVs were incubated with PHLG-BIm40 
(degree of polymerization = 40) at a polypeptide-to-lipid (P/L) molar ratio of 1/400, which is 
equivalent to a P/L charge ratio of 1/2, and the resulting structures were characterized using SAXS. 
SAXS spectra from the lipid vesicle solutions showed a broad characteristic feature consistent with 
a single lipid bilayer form factor of unilamellar vesicles. When exposed to PHLG-BIm40, the lipid 
vesicles undergo a structural transition, resulting in correlation peaks with specific ratios of Q 
values in the diffraction data (Figure 3.2). For each membrane composition, we found a set of 
correlation peaks having integral Q-ratios of 1:2 consistent with a lamellar (Lα) phase, 
characterized by d-spacings of 6.7–8.8 nm. These lamellar phases resulting from exposure of 
PHLG-BIm to the SUVs indicate intermembrane attraction without the generation of significant 
curvature. Interestingly, for the model bacterial membrane composition, we identified a second set 
of correlation peaks with characteristic Q-ratios of √2: √3: √4: √6, which indexed to a cubic 
Pn3m “double-diamond” lattice having a lattice parameter of 24.8 nm. Bicontinuous cubic phases 
(QII), such as the Pn3m, consist of two nonintersecting water channels that are separated by a lipid 
bilayer. The center of this bilayer traces out a minimum surface characterized by NGC, also known 
60 
as saddle-splay curvature, at every point. Our SAXS data showed that PHLG-BIm promotes 
saddle-shaped membrane deformations in model bacterial membranes to stabilize a bulk Pn3m 
cubic phase. NGC is the saddle-shaped curvature that manifests along the inside of pores, around 
the base of a bleb, and the neck of a bud, the basic membrane permeation mechanisms. Earlier 
studies have found a strong correlation between the formation of cubic phases and membrane 
permeation induced by AMPs [116, 125, 154, 199, 202, 218]. The ability of PHLG-BIm to 
generate cubic phases in bacterial-like PE-rich membranes suggests that the RA polypeptide may 
permeate bacterial membranes via the induction of NGC consistent with that of natural AMPs. By 
systematically examining a range of membranes, we determined how lipid composition affects the 
ability of PHLG-BIm to restructure vesicles. We observed the general trend of decreasing PE 
content resulting in the suppression of nonlamellar phase formation. More specifically, we found 
that the polypeptide does not disrupt membranes (no NGC generation) with a PE content of 60% 
and lower, which includes those representative of eukaryotes. The preference for PHLG-BIm to 
generate cubic phases at high PE levels of ~80% suggests a mechanism of selectivity for bacterial 
over mammalian membranes based on their specific lipid distributions, again consistent with 
generic AMP trends. 
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Figure 3.2 | PHLG-BIm generates NGC. (A) SAXS spectra show generation of NGC by PHLG-BIm40 in 
membranes rich in PE. SAXS profiles from lipid vesicle solutions after exposure to PHLG-BIm40 at molar 
ratio P/L = 1/400. PHLG-BIm40 induces a Pn3m cubic phase in DOPG/DOPE = 20/80 (dashed box). Inset 
shows an expanded view of the cubic reflections. SUV-only controls at each composition show a broad 
characteristic feature consistent with the form factor of the unilamellar vesicles. (B) The diffraction peaks 
were plotted by their measured Q-positions and their corresponding reflections in terms of Miller indices ℎ, 𝑘𝑘, 𝑙𝑙 to show indexing of the Pn3m cubic phase. 
3.3 Discussion and Conclusions 
The antibacterial activity of these RA polypeptides likely results from initial electrostatic 
interactions between their cationic groups and anionic bacterial cell membranes, followed by the 
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disruption of the bacterial cell membranes by the membrane-active polypeptide helix. Additional 
factors are involved in bacterial membrane destabilization, as suggested by our SAXS studies on 
model bacterial membranes in which helical polypeptide PHLG-BIm promoted saddle-shaped 
membrane deformations (NGC), a topological requirement for membrane-destabilizing events 
such as pore formation. All tested model membranes had a fixed anionic charge, yet we observed 
selective generation of NGC in the PE-rich bacterial model membrane. This result is consistent 
with previous work, which showed that membranes with greater amounts of negative intrinsic 
curvature lipids promote destabilization and are more susceptible to pore formation [125]. 
Moreover, both anionic and negative intrinsic curvature lipids are necessary for activity, whereas 
neither alone is sufficient. Therefore, the preference for the helical RA polypeptides to generate 
NGC at high PE content points to a mechanism of selectivity that involves membrane curvature 
effects. 
The observed synergistic bactericidal effect of PHLG-BIm combined with traditional 
antibiotics may be the result of increased cellular penetration of antibiotics facilitated by the 
membrane permeabilization activity of the RA polypeptide. Induced NGC is broadly enabling in 
the context of membrane permeation mechanisms, such as transmembrane pores, blebbing, 
budding, and scission. It is likely that permeation can involve a hierarchy of mechanisms. Here, 
we observed NGC in the form of a cubic phase; the size of the defect on a 2D membrane will 
depend on the type of defect. The Pn3m cubic phase induced by the RA polypeptide PHLG-BIm40 
has an average Gaussian curvature 〈𝐾𝐾〉 value of −0.01065 nm−2. For example, this is the amount 
of NGC found in a transmembrane pore with a size of ~40 nm, if we ignore all other effects. If on 
the other hand, the destabilization mechanism is that of a budding event followed by scission, then 
we can estimate the size of the defect using a catenoid surface, which is an approximate 
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representation of the surface of a scission neck [43, 65]. The Gaussian curvature of a minimal 
catenoid surface with a neck radius of 𝑟𝑟 along its 𝑧𝑧 axis is defined by 𝐾𝐾(𝑧𝑧) = − �sech4(𝑧𝑧  𝑟𝑟⁄ )�  𝑟𝑟2⁄ . 
The measured 〈𝐾𝐾〉 value thus corresponds to a catenoid neck diameter of ~19.4 nm. If we account 
for the approximate bilayer membrane thickness of 4 nm, this diameter translates to a pore size of 
~15.4 nm. In both of the above cases, the size of the defect is significantly larger than the size of 
a typical antibiotic. 
In summary, we found that the curvature deformations induced by RA polypeptide PHLG-
BIm agrees with its antimicrobial activity and ability to promote the membrane penetration of 
antibiotics. The correspondence between our biophysical measurements and bactericidal activity 
data suggests that the capacity to generate membrane curvature is an effective indicator of 
membrane-based antimicrobial activity. 
3.4 Methods 
3.4.1 Polypeptide preparation and characterization 
Details can be found in [217]. 
3.4.2 Liposome preparation 
Liposomes were prepared as described in section 2.4.5 except for the following 
modifications: 
SUVs were prepared from DOPG, DOPS, DOPE, and DOPC lipids in aqueous 100 mM NaCl, 
10 mM HEPES (pH 7.4). 
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3.4.3 SAXS experiments and data analysis 
SAXS experiments and data analysis for polypeptide–membrane interactions were 
performed as described in section 2.4.7 except for the following modifications: 
All polypeptide–lipid samples were prepared in 100 mM NaCl, 10 mM HEPES (pH 7.4). SAXS 
experiments were conducted at the Stanford Synchrotron Radiation Lightsource (SSRL, beamline 
4–2) using monochromatic X-rays with an energy of 9 keV. The scattered radiation was collected 
using a Rayonix MX225-HE detector (pixel size of 73.2 μm).  
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Chapter 4  
Interactions between Membranes and “Metaphilic” 
Polypeptide Architectures with Diverse Side-Chain 
Populations  
4.1 Introduction 
The functions of proteins or peptides, such as molecular recognition, enzymatic reactions, 
and allosteric regulation, are determined by their structures and their internal motions: Proteins or 
peptides can fold into structures that present specific chemical patterns on their molecular surfaces. 
These nanoscopically defined patterns of charge, hydrogen bonding, and/or hydrophobicity, which 
strongly influence peptide or protein interactions, are known to be partly smeared out by thermal 
fluctuations. For protein configurations structurally cognate to the native folded state, the protein 
energy surface, which controls protein dynamics, can have multiple minima, and proteins exhibit 
harmonic motions within these minima as well as crossing of potential barriers between them. In 
general, however, molecular thermal motions are not large compared to the dimensions of the 
molecule. Moreover, single-molecule experiments show that folded proteins typically have 
Young’s moduli of ~1 × 108 Pa [219–221], which give the protein a solid-like rigidity. There is a 
rich literature showing that in the low-temperature limit, proteins can undergo a dynamic transition 
                                                            
This chapter is adapted with permission from Lee, M.W., Han, M., Bossa, G.V., Snell, C., Song, Z., Tang, H., Yin, 
L., Cheng, J., May, S., Luijten, E. & Wong, G.C.L. Interactions between Membranes and “Metaphilic” Polypeptide 
Architectures with Diverse Side-Chain Populations. ACS Nano 11, 2858–2871 (2017). Copyright © 2017 American 
Chemical Society. 
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to a glass-like solid state with small fluctuations [222, 223]. Taken together, the surface structure, 
shape, and elasticity of a protein determine the resultant presentation of surface chemistry, and 
thereby enable or limit its interactions. It would be interesting to start with the functional 
requirements for a given protein or peptide class, and explore the opposite limit, where patches of 
surface chemistry can be mobile. 
Both AMPs and CPPs are short (generally < 50 amino acids) peptides that exert their 
functions by interacting with and permeating membranes. As part of the innate host defense, AMPs 
collectively exhibit broad-spectrum antimicrobial activity [12, 115, 117], typically through the 
disruption and permeabilization of bacterial membranes [115, 117, 224, 225]. Although AMPs are 
abundant and diverse in sequence and structure, they share some common features. Most AMPs 
are cationic and characterized by facially amphiphilic patterns of hydrophobicity and charge [12, 
13, 115, 117, 224–226]. CPPs are capable of efficiently translocating across cell membranes and 
can mediate the uptake of conjugated cargos [227–229]. CPPs are generally cationic, but can also 
be amphiphilic, with the arginine-rich CPPs comprising the most widely studied group [227, 229–
233]. Many CPP sequences are derived from natural proteins and peptides; however, research 
groups have also developed synthetic CPPs [227, 232]. While cationic charge and amphiphilicity 
are characteristics often found in both AMPs and CPPs, it has been noted that these properties can 
be found in many other membrane-remodeling peptides [234], including viral budding peptides 
[43] and viral fusion peptides [235]. While the vast majority of AMPs and CPPs are composed of 
linear amino acid sequences, a number of research groups have recently explored unconventional 
nanoscopic architectures in the design of polymer-based antimicrobial and cell-penetrating agents 
that are also characterized by cationic charge and hydrophobicity, including circular peptides, and 
especially an extensive taxonomy of side-chain-rich comb, brush, or dendrimer architectures [217, 
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236–240]. In this chapter, we systematically investigate a prototypical class of peptides with side-
chain-rich architectures. These peptides consist of a rigid helical core decorated with mobile and 
flexible side chains that are terminated by cationic and hydrophobic groups, an arrangement that 
allows cationic and hydrophobic end groups to undergo large displacements, reminiscent of the 
Lindemann criterion for melting [241–243]. Therefore, these molecules have unusually chemically 
adaptable and quasi-liquid10 surfaces. Although one might expect that the loss of well-defined 
spatial relations between cationic and hydrophobic patches on a highly evolved peptide or protein 
leads to a degradation of activity, we surprisingly find the opposite. We show that the membrane-
permeating activity of AMPs and CPPs, both commonly characterized by anchored cationic and 
hydrophobic groups, can be significantly enhanced by the highly adaptable side-chain-rich 
architecture: Like organisms that adapt to different colored environments via metachrosis, these 
molecular architectures adapt to different solvent environments (water, amphiphilic interface, 
hydrophobic membrane core) by being “metaphilic” rather than statically amphiphilic. In a sense, 
these metaphilic peptides are a molecular analog of recently engineered omniphilic/omniphobic 
surfaces [246–248]. Computer simulations indicate that the quasi-liquid surface of the peptide 
allows it to adapt to environmental change by rearranging the flexible side chains, a capability that 
plays a key role in enabling unusual interactions with membranes. Specifically, these metaphilic 
peptides are able to induce membrane-destabilizing curvature necessary for permeation, which we 
determine using X-ray measurements. Furthermore, because these metaphilic molecules can adapt 
their surface chemistry, we can control their charge and hydrophobicity over a broad range and 
still maintain water solubility, unlike many AMPs and CPPs [142, 249–252]. This allows us to 
                                                            
10 We note that the “quasi-liquid” layer is not necessarily a liquid defined in terms of translational and orientational 
degrees of freedom. The term is borrowed from the phenomenon of surface melting [244, 245], which uses the 
Lindemann criterion to define a “molten” quasi-liquid layer. 
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show how the activity of these metaphilic peptides is amplified with hydrophobicity and cationic 
charge, and we rationalize these results using a quantitative mean-field theory. One goal of this 
chapter is to develop a general conceptual vocabulary to analyze how molecules of different 
architectures beyond linear peptides interact with membranes, and how these architectures 
consequently allow small quantitative changes in structural parameters to lead to qualitative 
differences in membrane interactions. 
4.2 Results and Discussion 
4.2.1 Metaphilic membrane-active peptides 
We previously developed a series of bottlebrush-like, radially amphiphilic peptides, where 
hydrophobic side chains that terminate in a cationic group are attached to a rigid core [253, 254]. 
Here we generalize this design and also create peptides with side chains having heterogeneous 
distributions of cationic and hydrophobic end groups. The surfaces of these brush-like molecules 
can mimic the chemical surfaces of natural AMPs, but maintain the mobility of cationic and 
hydrophobic patches so that they can rearrange in response to environmental changes. Specifically, 
these metaphilic molecules are water-soluble α-helical poly(arginine)-based polypeptides [255] 
(Figure 4.1), which include both homopolymers and random copolymers. The metaphilic peptide 
monomer features a long hydrophobic side chain with either a terminal guanidinium or alkyl chain 
that is positioned distally (13–18 σ-bonds away) from the backbone. Increasing cationic residues 
in a prototypical peptide has been shown to reduce helical stability due to greater electrostatic 
repulsion between side chains [249, 250] and increasing hydrophobicity leads to poor water 
solubility and aggregation [142, 251, 252]. In the current architecture, charges are positioned at a 
significant distance away from the helical backbone to decrease the surface charge density and 
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side-chain repulsion, which promotes a stable α-helical conformation in an aqueous environment 
[255]. In addition, the charged exterior shell formed by the terminal guanidinium groups around 
the helical backbone enables the metaphilic peptides to maintain water solubility by shielding the 
hydrophobic carbon side chains and helical core from solution. 
 
Figure 4.1 | Design of metaphilic helical peptides. (A) Metaphilic helical peptides are poly(arginine) 
analogs characterized by long hydrophobic side chains (13–18 σ-bonds in length) that have either a terminal 
guanidinium group or alkyl chain. Charged monomers having guanidinium groups were used to synthesize 
homopolypeptides (top left). A mixture of charged monomers and uncharged monomers, which feature 
terminal alkyl chains, were used to synthesize random copolypeptides (bottom). All prepared peptides adopt 
an α-helical conformation except for P3 (top right), which was synthesized as a random coil from racemic 
monomers. (B) The structural peptide design parameters include the following: n (degree of 
polymerization), x (number of methylene groups), y (molar fraction of uncharged monomers), R (terminal 
alkyl chain), Mn (number-average molecular weight in kDa). (C) Metaphilic peptides featuring long side 
chains with terminal cationic and alkyl groups favor a stable α-helical conformation in aqueous solution. 
(D) Simplified cartoon depictions comparing the fractions of charged and uncharged side chains among the 
various metaphilic peptides. 
All metaphilic peptides were synthesized through ring-opening polymerization of γ-
chloroalkyl-L-glutamate-based N-carboxyanhydrides (NCAs), followed by the conversion of the 
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side-chain chloro groups into azido groups, and the subsequent copper-catalyzed Huisgen click 
chemistry with propargyl guanidines to attach guanidinium groups at the side-chain terminus 
[255]. This robust and efficient synthesis enables the control of the side-chain hydrophobicity in 
two different ways: (1) the variation of methylene spacer lengths between the pendant triazoles 
and esters through selecting different amino acid precursors (P1, P5, P6); (2) the introduction of 
additional hydrophobic moieties by coconjugating long-chain alkynes together with the propargyl 
guanidines (P10–P12). The latter also enables the control of charge density by varying the feeding 
ratios of propargyl guanidines and long-chain alkynes (P11, P13, P14). 
4.2.2 Metaphilic peptides exhibit adaptable amphiphilicity upon interaction with 
membranes 
We performed generic coarse-grained molecular dynamics simulations to investigate the 
behavior of these metaphilic peptides as they interact with lipid membranes in an aqueous 
environment. Specifically, we were interested in the process in which a metaphilic peptide (with 
either 50% or 100% of its side chains terminated by a cationic end group) approaches a negatively 
charged membrane surface and subsequently inserts and organizes itself within the phospholipid 
bilayer. 
The adaptation of the peptide configuration and its free-energy variation were 
quantitatively explored in a steered landing process, as illustrated in Figure 4.2. At large 
separation, the peptide barely interacts with the oppositely charged membrane due to electrostatic 
screening by the ions (Figure 4.2A), and its backbone effectively behaves as a neutral rod, 
randomly orienting with an average tilt angle 𝜃𝜃 = π  2⁄ − 1 toward the membrane (Figure 4.2B). 
Its affinity to the membrane emerges at separations 𝑧𝑧 < 68 Å (defined as the distance between the 
peptide center and the membrane outer leaflet), around one peptide length. The peptide backbone 
71 
begins to orient more orthogonally so that some of the charged side chains are able to reach the 
membrane. Apart from reorienting, the peptide also reorganizes its mobile side chains with their 
charged end groups extending toward the membrane, giving rise to an asymmetric charge 
distribution. This asymmetry is reflected in and quantified by the average deviation 〈Δ𝑧𝑧〉 of the 
charged end groups from the peptide center (Figure 4.2C). The tilted peptide touches the 
membrane and starts to settle at 𝑧𝑧 = 50 Å; it fully lies down at 𝑧𝑧 ~40 Å, reaching its strongest 
asymmetry. Completion of this “landing” process is marked by the distance at which the forces on 
the peptide are balanced, near 𝑧𝑧landing = 36 Å. The free-energy changes for the peptides with 50% 
and 100% charge coverage upon landing are −4.9𝑘𝑘B𝑇𝑇  and −8.4𝑘𝑘B𝑇𝑇 , respectively (Figure 4.2D). 
Furthermore, we also simulated the free (i.e., nonsteered) landing and insertion process of 
a peptide with 100% charge coverage, as illustrated in Figure 4.2E. Initially, the peptide indeed 
tilts toward the membrane with charged end groups shifted downward, confirming our findings. 
After landing, the hydrophobic parts of the side chains tend to merge into the hydrophobic interior 
of the membrane, whereas the charged end groups tend to stay outside. The peptide first “anchors” 
to the membrane by bending a side chain and partially inserting its hydrophobic part into the 
membrane. Such a side chain can then further minimize its energy by “tunneling” of its charged 
end group toward the membrane surface on the inner leaflet. This process provides a strong driving 
force for the second stage, namely insertion of the peptide to completely span the membrane 
bilayer. 
The insertion process exhibits a strong dependence on side-chain length. From simulations 
we found that peptides with twice shorter side chains fail to insert (Figure 4.2F). These side chains 
are too short to undergo significant adaptation required by the “anchoring” and “tunneling” stages. 
As a consequence, the hydrophobic parts of the peptide side chains are shielded by the charged 
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end groups and unable to interact with the membrane. This obstacle, however, can be overcome 
by reducing the charge coverage. As shown in Figure 4.2G, a peptide with reduced charge coverage 
of 50% and short side chains can successfully anchor to the interior of the membrane via its 
uncharged side chains. Having uncharged, hydrophobic side chains is sufficient to facilitate 
insertion and span the membrane. This indicates that membrane insertion is less efficient with 
shorter cationic side chains. However, it is possible to optimize the efficiency of the peptide by 
combining high charge coverage to achieve a large landing rate and a finite fraction of uncharged 
side chains to assist in the hydrophobic insertion process. 
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Figure 4.2 | Landing and insertion processes of metaphilic peptides near a membrane. (A) Time-
averaged force 𝐹𝐹  exerted on the peptide upon landing. The force is evaluated as a function of the distance 𝑧𝑧 between the center of mass of the peptide backbone and the headgroups of the outer membrane leaflet. 
Two different cases are compared, in which 50% (red) and 100% (blue) of side chains are terminated by 
charged end groups. (B) Time-averaged tilt angle 𝜃𝜃 of the peptide backbone with respect to the membrane 
plane, as a function of peptide distance to the membrane. Note that tilt angle 𝜃𝜃 is zero when the peptide is 
parallel to the membrane and positive otherwise. (C) Averaged deviation 〈Δ𝑧𝑧〉 of the charged groups from 
the center of mass of the peptide backbone. (D) Free-energy profile 𝐺𝐺(𝑧𝑧), obtained through integration of 
the force profile 𝐹𝐹 (𝑧𝑧) shown in panel (A). (E) Sequence of simulation images demonstrating landing, initial 
anchoring (insertion of a side chain into the membrane), initial tunneling (a charged group of a side chain 
reaching the surface of the inner membrane leaflet), and full insertion in a membrane-spanning state, for a 
peptide with 4-bead long side chains, of which 100% have charged end groups. Lipid tails and surrounding 
ions are not shown here. The hydrophobic components of the side chains are colored in cyan, the peptide 
core is depicted in gray. The remaining beads are color coded based on their charges: red for +1𝑒𝑒, white 
for uncharged, and blue for −1𝑒𝑒. (F) Final state of a peptide with 2-bead long side chains, of which 100% 
are charged. (G) Sequential images showing initial anchoring, initial tunneling, and full insertion 
(membrane-spanning) of a peptide with 2-bead long side chains, of which 50% are charged. 
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4.2.3 Dynamic adaptability of metaphilic peptides can enhance permeation 
Previous studies have suggested that penetration of amphiphilic helical peptides into a 
bilayer perturbs the hydrophobic interactions of the membrane core, thus leading to membrane 
destabilization. This process depends on both the hydrophobic content of the peptide and 
membrane penetration depth. Indeed, the reduction of membrane activity of cationic amphiphilic 
α-helices has been found to correlate with decreased hydrophobicity [15, 16]. Accordingly, the 
relative sizes of the polar and hydrophobic faces of an amphiphilic helical peptide have been shown 
to affect the induced membrane curvature [13, 17, 18, 20–22, 44]. For metaphilic peptides, there 
is a wider range of possibilities. Although sometimes AMPs can become amphiphilic and α-helical 
as they touch down on a membrane11, the simulation model here predicts that the metaphilic 
peptide will undergo a series of structural transitions as it engages the membrane that are not 
possible for most proteins or peptides: It has uniformly distributed side chains in bulk aqueous 
solution far from a membrane, but adopts a facially amphiphilic structure near a membrane, with 
cationic end groups arranged to face toward the membrane surface. Once adsorbed onto the 
membrane surface, the peptide reorganizes its side-chain components to invert its facial 
amphiphilicity with cationic end groups associated with the polar lipid headgroups at the surface, 
while the hydrophobic moieties penetrate further into the membrane core. Depending on the length 
of the side chains relative to the membrane thickness, terminal groups of the side chains can diffuse 
through the membrane, so that it is possible for a single metaphilic peptide to present guanidinium 
groups to polar lipid headgroups on both leaflets of the membrane, which is not possible for AMPs. 
These effects lead to two interesting consequences. It is known that details of amphiphilic 
                                                            
11 Many AMPs are often disordered in aqueous solution. However, upon binding with membranes they adopt 
amphiphilic α-helical secondary structures with the helix axis parallel to the membrane surface. In this conformation, 
the hydrophobic and charged residues are segregated to opposite faces of the helix, which allows their interactions 
with the membrane core and lipid headgroups, respectively [115, 256, 257]. 
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conformation can play important roles in peptide–membrane interactions necessary for function 
[18, 29, 258, 259]. The ability of metaphilic peptides to invert their facial amphiphilicity via 
progressive side-chain migration suggests a direct translocation mechanism with no analog in 
natural peptides. Moreover, simultaneous presentation of curvature-generating guanidinium 
groups to both membrane leaflets may lead to significantly enhanced membrane curvature 
generation [116, 185, 199, 218, 260–262], which we explore in the next section. 
4.2.4 Metaphilic peptides can induce NGC necessary for membrane permeation 
To assess the membrane-permeating mechanism of these peptides, we used high-resolution 
synchrotron SAXS to quantitatively characterize the membrane deformations induced by 
metaphilic peptide variants. SUVs were prepared from a phospholipid mixture of DOPS and 
DOPE at a molar ratio of 20/80. Each metaphilic peptide was incubated with SUVs at a specified 
peptide-to-lipid (P/L) molar ratio corresponding to an electroneutral P/L charge ratio and the 
resulting membrane structures were characterized using SAXS. 
We found that all α-helical metaphilic peptides (P1, P4–P6, P10–P14) resulted in the 
restructuring of the lipid vesicles into phases rich in NGC (Figure 4.3A,B), whereas control 
samples of SUVs only exhibited a broad characteristic feature consistent with the form factor of 
unilamellar vesicles. For every helical peptide, we typically observed a coexistence of phases: (1) 
one set of peaks with integral Q-ratios, which indexed a lamellar (Lα) phase with periodicity in the 
range of 5.5 to 7.4 nm; (2) a second set of correlation peaks with Q-ratios √1: √3: √4: √7: √9, 
consistent with an inverted hexagonal (HII) phase with a lattice parameter of 6.8 to 8.0 nm; (3) a 
third set of peaks with characteristic Q-ratios that indexed either a Pn3m “double diamond” or an 
Im3m “plumber’s nightmare” cubic (QII) lattice, or a coexistence of both. Q-ratios of 
√2: √3: √4: √6: √8: √9 and √2: √4: √6: √8 correspond to Pn3m and Im3m cubic phases, 
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respectively. In our experiments, cubic phase lattice parameters were found to range from 15.4 to 
28.2 nm for Pn3m and 20.9 to 24.8 nm for Im3m (Figure 4.3C,D). For coexisting Pn3m and Im3m 
cubic phases, the ratio of their lattice parameters was close to the Bonnet ratio of 1.279 [6], 
indicating that the amount of curvature is balanced across the cubic phases, and thus implying that 
they are close to equilibrium. A bicontinuous cubic phase, such as Pn3m and Im3m, consists of 
two nonintersecting aqueous regions separated by a lipid bilayer that traces out a periodic minimal 
surface. All points along this minimal surface have NGC, which is also known as saddle-splay 
curvature due to its shape—the surface bends upward in one direction and bends downward in the 
orthogonal direction. NGC is topologically required for processes such as pore formation, budding, 
blebbing, and vesicularization [43, 116, 261, 263], all of which destabilize and compromise the 
barrier function of membranes. In fact, for molecules and peptides with functions determined by 
their membrane-disrupting activity, a strong correlation has been identified between NGC 
generation and their activity. For example, AMPs generally kill bacteria by inducing membrane 
permeabilization [12, 115, 117, 171, 224]. Recent studies have shown the trend of NGC generation 
and membrane permeation for a large number of α-helical AMPs [116, 199], AMP mutants [199, 
218], and synthetic AMP analogs [125, 154, 202]. Similarly, this trend has also been observed for 
a range of CPPs and transporter sequences [185, 260–262]. We found that the amounts of NGC 
generated by the present metaphilic peptides are comparable to those generated by AMPs [116, 
199] and CPPs [185, 260–262]. From the simulation data, it is clear that metaphilic peptides can 
interact with membranes in ways that many peptides cannot. However, the SAXS results above 
show that metaphilic peptides retain the ability to permeabilize membranes like AMPs and CPPs. 
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Figure 4.3 | Metaphilic helical peptides generate NGC necessary for membrane permeation. SAXS 
spectra from DOPS/DOPE = 20/80 membranes incubated with homopolymer (A) and random copolymer 
(B) peptides at electroneutral P/L molar ratios. Correlation peaks corresponding to identified cubic phases 
are indicated (black lines). Inset in (A) provides an expanded view of the cubic reflections (boxed region) 
for P5. (C,D) Indexing of the peptide-induced Pn3m and Im3m cubic phases is shown by plotting the 
measured Q-positions, 𝑄𝑄measured, vs. the assigned reflections in terms of Miller indices, √ℎ2 + 𝑘𝑘2 + 𝑙𝑙2. The 
slopes of the linear regressions were used to calculate their lattice parameters, which are listed in the 
legends. 
We find that the inducible asymmetric shape of these metaphilic peptides is necessary in 
facilitating NGC and membrane permeation activity. Nonhelical P3, a random-coil peptide 
synthesized from racemic monomers [255] and cognate to metaphilic peptides considered here, 
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was not able to generate NGC, although it is able to interact with the membrane to induce lamellar 
and inverted hexagonal phases (Figure 4.3A). Consistent with this, P3 demonstrated significantly 
lower membrane permeability [255]. Together, these results suggest that the asymmetric elongated 
shape stabilized by the rigid helical backbone is important for membrane permeation. 
4.2.5 A critical comparison of membrane activity of metaphilic peptides, AMPs, and 
CPPs 
We assessed the membrane permeation of a broad range of metaphilic peptides displaying 
different side-chain lengths, types, and distributions. Peptide uptake alone and fluorescein 
isothiocyanate (FITC) uptake, when coincubated with peptide, were measured in HeLa cells in 
previous experiments [255]. FITC, a membrane-impermeable fluorophore, has been used to 
evaluate peptide-induced pore formation in cell membranes, as the presence of pores allows 
molecules to enter cells via diffusion [264, 265]. The results show that all of the α-helical 
metaphilic peptides exhibited membrane permeability, which is in agreement with our SAXS 
measurements showing that they are able to induce the curvature required for such membrane 
activity. In addition, the membrane permeabilities of the peptides were all found to be higher than 
those of well-known arginine-rich CPPs, such as a domain of the human immunodeficiency virus 
type 1 tranactivator of transcription protein (HIV-TAT) and nona-arginine (R9) [255]. 
Among the helical homopolypeptides (P1, P4–P6), P6 had the longest charged side chains 
and resulted in the highest FITC and peptide uptake levels [255]. We hypothesize that this is due 
in part to its metaphilic presentation of guanidinium groups to the lipid headgroups of both inner 
and outer leaflets, which can promote efficient generation of curvature at both membrane locations 
[116, 185, 199, 218, 260–262]. The longer hydrophobic side chains also allow deeper membrane 
penetration and membrane spanning, which can further facilitate membrane curvature and 
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destabilization [17, 18, 20] (see below). Previous work has similarly suggested that a greater 
number of arginines results in stronger membrane curvature effects [185, 199, 260, 266] and that 
arginine side chains can penetrate into the membrane interior due to attraction to the phosphate 
groups on the distal leaflet of the bilayer, leading to the formation of transient pores [25, 266–268]. 
Consistent with this picture, metaphilic peptides with shorter side chains that cannot span the 
membrane generally have lower uptake activity. 
We specifically compared helical metaphilic peptides with similar degrees of 
polymerization and cationic charge (P1, P5, P6) and found that both their FITC and peptide uptake 
levels tracked with their hydrophobic volumes (Figure 4.4A,C). (See Methods for definitions and 
calculations of hydrophobic volume.) Among metaphilic peptides with similar levels of 
hydrophobic volume (P10–P14), we observed that membrane permeation activity increased with 
increasing cationic charge (Figure 4.4B,D). We further identified a more general relation among 
all tested helical metaphilic peptides, namely, that increases in the hydrophobic volume resulted 
in a higher ratio of FITC uptake to peptide uptake (Figure 4.4E). We hypothesize that these 
identified trends can be explained by differences in AMP versus CPP behavior, and differences in 
how free dyes and free peptides translocate into cells. 
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Figure 4.4 | Relations of membrane permeation with hydrophobic volume and cationic charge. 
Membrane permeation, as measured by FITC and peptide uptake in cells, was found to correlate with the 
hydrophobic volumes and cationic charges of metaphilic helical peptides. A set of homopolypeptides (P1, 
P5, P6) with similar degree of polymerization and charge exhibited both FITC (A) and peptide (C) uptake 
levels that tracked well with their different hydrophobic volumes. Conversely, a set of random 
copolypeptides (P10–P14) with identical degree of polymerization and comparable hydrophobic volumes 
showed that increasing cationic charge correlated with increased FITC (B) and peptide (D) uptake. (E) 
Among all nine metaphilic helical peptides tested, we also observed that the ratio of FITC uptake to peptide 
uptake generally increased with hydrophobic volume. Greater hydrophobic volumes promote more stable 
pores with longer lifetimes, which allow more efficient membrane permeation by free molecules of peptide 
and FITC. In contrast, lower hydrophobic volumes are expected to yield more transient pores with shorter 
lifetimes, and thus, facilitate rapid translocation of the peptide across a membrane. 
In these experiments, FITC molecules and peptides are not conjugated to one another, so 
both can diffuse independently in solution when coincubated with cells. In order for FITC 
molecules to enter cells, the peptides need to form sufficiently stable pores in the membrane to 
allow free FITC to pass through. AMPs typically permeate membranes by forming transmembrane 
pores [269, 270], and therefore, free molecules of AMPs or FITC are able to gain access to the cell 
interior through those pores. The membrane-associated peptides that create the pores themselves 
can also stochastically translocate into the cell as the pores close [269, 271]. In general, the 
lifetimes of membrane pores can vary greatly [267, 269], with transient pores allowing only a few 
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peptides to translocate before closing, and more persistent pores allowing both membrane-
associated peptides and free molecules through [25]. AMPs generally contain more hydrophobic 
residues than CPPs and generate stable membrane pores [260, 269, 270], whereas CPPs are less 
hydrophobic and cross membranes quickly via transient pores [185, 260]. Therefore, synthetic 
peptides that have sufficient hydrophobicity can exhibit AMP-like behavior and insert into the 
membrane to create transmembrane pores that allow transport across membranes. In contrast, 
synthetic peptides with low hydrophobicity can behave like CPPs, which are able to translocate 
across membranes via transient membrane permeation [229, 260, 266, 272, 273]. 
We observed that greater peptide hydrophobic volume generally results in increased uptake 
of both FITC and peptide. Previous work has shown that increasing the hydrophobicity of CPPs 
enhances their interaction with the membrane, in turn affecting their behavior, which can change 
from rapid translocation across membranes to inducing slow leakage of dye from vesicles [185, 
260, 274]. This finding suggests that hydrophobicity, which increases affinity for the membrane 
core and promotes deeper membrane penetration, can aid in stabilizing peptide-induced pore 
formation and yield longer pore lifetimes [185, 260, 267, 274]. By increasing the time that a 
membrane pore remains open, small molecules such as FITC, as well as free peptides in solution 
that are not membrane-associated, can flow through into the cell. However, there is the potential 
trade-off between stable pore formation and translocation across a bilayer. As hydrophobicity 
enhances association of the peptide with the membrane interior to create a stable pore, it also 
impairs internalization of the peptide due to the greater chance of being retained in the membrane 
core [185, 232, 267, 274, 275]. This reciprocity provides a hypothesis as to why we see the ratio 
of FITC uptake to peptide uptake generally being higher for peptides with greater hydrophobic 
volume. As previously mentioned, increased peptide hydrophobicity predominately facilitates 
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increased uptake of both FITC and free peptides, yet attenuates the translocation of lipid-associated 
peptides that compose the pores. Conversely, we expect lower hydrophobicity to inhibit the uptake 
of free molecules, and instead, promote internalization of membrane-associated peptides. Thus, a 
compensatory exchange exists between free peptide uptake and lipid-associated peptide uptake, 
which together constitute the total measured peptide uptake. Understandably, because FITC uptake 
requires stable pores, the effects of peptide hydrophobicity would be more prominent for FITC 
uptake in comparison to peptide uptake. As a result, the observed relationship between 
hydrophobic volume and the ratio of FITC uptake to peptide uptake will reflect that of 
hydrophobicity and FITC uptake. We also found that both FITC and peptide uptake increased with 
increasing cationic charge. The initial step for cellular entry of either molecule involves 
electrostatic interactions between the peptide and the membrane surface [229, 276–278]. 
Therefore, increased positive charge can promote more efficient binding of the peptide to the 
negative charges on the cell surface, which can subsequently enhance overall membrane 
permeation and cellular uptake [229, 250, 277]. Finally, it is important to note that the cationic 
charge specifically for the metaphilic peptides originates from their guandinium groups. 
Interestingly, the guanidinium group of arginine has been found to play a key role in CPP 
membrane permeation [279, 280], and an increased number of arginines increases both the ability 
to generate NGC and cellular uptake [185, 199, 230, 260, 266, 280, 281]. All of these findings are 
in agreement with our observations here. 
4.2.6 Metaphilic peptide behavioral trends consistent with mean-field description 
We further characterized the ability of metaphilic peptides to induce NGC by a simple 
mean-field model. The model is an extension of the opposing-forces model [10, 282], 
supplemented by a hydrocarbon chain free energy that reflects the packing of the lipid tails in a 
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bilayer geometry [283, 284]. Specifically, each lipid is characterized by its cross-sectional area 𝑎𝑎𝑖𝑖 
at the polar–apolar interface, its cross-sectional area 𝑎𝑎ℎ at the headgroup region (measured at fixed 
distance 𝑙𝑙ℎ away from the polar–apolar interface), and the effective hydrocarbon chain extension 
𝑏𝑏; see Figure 4.5A. The lipid free-energy model (see Methods for details) features “opposing 
forces” due to the presence of repulsive interactions between lipid headgroups and a chain-
stretching penalty, which are both counterbalanced by a surface tension that acts at the polar–
apolar interface. 
For any membrane curvature, the conformation of the membrane can be energetically 
optimized, subject to conservation of the hydrophobic lipid volume 𝜈𝜈𝐿𝐿. This allows calculation of 
the Gaussian modulus 𝜅𝜅. Note that negative 𝜅𝜅 implies a stable bilayer. When 𝜅𝜅 becomes positive, 
the membrane tends to spontaneously adopt saddle-like conformations that are characterized by 
NGC. We chose model parameters of our molecular free energy that are typical for a lipid bilayer 
with 20 mol% charged lipids (𝜙𝜙 = 0.2), obtaining a Gaussian modulus 𝜅𝜅 = −3.1𝑘𝑘B𝑇𝑇 . 
Inserting metaphilic peptides into the lipid bilayer with a peptide-to-lipid ratio P/L will 
perturb the host lipid bilayer and thus alter 𝜅𝜅. Within our mean-field framework, we account for 
two different types of perturbation. The first originates from insertion of the hydrophobic moieties 
of the peptide into the hydrocarbon core of the lipid bilayer, and the second relates to the 
electrostatic interactions of the charged terminal groups of the peptide side chains with the anionic 
lipid headgroups. Our model describes the former as an effective increase of the hydrophobic lipid 
volume 𝜈𝜈𝐿𝐿 → 𝜈𝜈𝐿𝐿 + 𝜈𝜈𝑃𝑃 𝑃𝑃 𝐿𝐿⁄  where 𝜈𝜈𝑃𝑃  is the hydrophobic volume of the peptide. The latter is 
quantified based on the Poisson–Boltzmann model, which describes free energies of charged 
surfaces in an electrolyte solution as a function of their effective surface charge density. 
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We used model parameters that reflect a typical experimental situation, with 𝜙𝜙 = 0.2, a 
hydrophobic peptide volume 𝜈𝜈𝑃𝑃 = 10 nm3, and 𝑧𝑧𝑐𝑐 = +35 charges per peptide. Figure 4.5B shows 
the Gaussian modulus 𝜅𝜅 as a function of P/L from P/L = 0 to P/L = 1/175. The maximal value P/L 
= 𝜙𝜙  𝑧𝑧𝑐𝑐 =⁄  1/175 reflects electroneutrality of the membrane. Membrane destabilization is absent 
when the hydrophobic volume of the peptide is assumed to vanish (dash-dotted line) or when 
electrostatic interactions are ignored (dashed line). However, when both perturbation modes are 
accounted for (solid line), the Gaussian modulus adopts a positive sign. 
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Figure 4.5 | Membrane insertion of a metaphilic peptide results in a less negative Gaussian modulus. 
(A) We characterize a lipid molecule in terms of the cross-sectional area 𝑎𝑎𝑖𝑖 at the hydrocarbon chain–
headgroup interface, the cross-sectional headgroup area 𝑎𝑎ℎ (measured at a surface parallel to the 
hydrocarbon chain–headgroup interface at distance 𝑙𝑙ℎ away), and the effective thickness 𝑏𝑏 of the 
hydrocarbon chain region. The volume 𝜈𝜈𝐿𝐿 occupied by the lipid’s two hydrocarbon chains is conserved. 
The polar headgroup is represented by a light-shaded circle. (B) The Gaussian modulus (measured in units 
of the thermal energy unit 𝑘𝑘B𝑇𝑇 ) as a function of the peptide-to-lipid ratio P/L. The full molecular model 
(solid line) accounts for both the increase in the hydrophobic volume of the membrane core upon peptide 
insertion and electrostatic interactions of the anionic lipid headgroups with the cationic terminal groups of 
the metaphilic peptide side chains. This is contrasted with ignoring either the hydrophobic peptide volume 
(𝜈𝜈𝑃𝑃 = 0, dash-dotted line) or electrostatic interactions (dashed line). 
Deep insertion of the peptide into the hydrocarbon core of the membrane tends to not only 
increase the membrane thickness, but also increase the cross-sectional area per lipid. Yet, a larger 
cross-sectional lipid area implies weaker mutual headgroup repulsion and an increased surface 
tension energy at the polar–apolar interface. Hence, we expect the membrane to seek a deformation 
mode that decreases 𝑎𝑎𝑖𝑖 even if at the same time 𝑎𝑎ℎ increases. This is accomplished by a saddle 
deformation. The electrostatic neutralization of the anionic lipid headgroups by the terminal groups 
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of the metaphilic peptide side chains further lowers the headgroup repulsion strength and, 
therefore, even more so enhances the tendency of the membrane to minimize its free energy by 
adopting NGC. 
In our mean-field description above, we found that their facially amphiphilic structural 
organization allows metaphilic peptides to penetrate deeply into the membrane and render the 
Gaussian modulus less negative. In addition, peptides with cationic charges also shift the Gaussian 
modulus to less negative values. Both of these changes in the membrane Gaussian modulus are 
destabilizing and promote NGC generation, which is necessary for membrane permeation. These 
mean-field trends are in agreement with SAXS measurements and cell uptake results. In fact, these 
trends are strikingly similar to those observed for AMPs [7, 116, 199, 202, 285, 286]. Here we see 
that these metaphilic peptides give us a valuable perspective: It is not possible to vary 
hydrophobicity and charge of many AMPs and CPPs over a large range due to solubility and 
stability issues [142, 249–252]. However, the adaptable architecture of metaphilic peptides can 
accommodate greater cationic charge and hydrophobicity. As a result, these are ideal systems for 
testing how physicochemical properties impact membrane activity, as the above comparison 
shows. Further details on the molecular model can be found in Methods. 
4.3 Conclusions 
Membrane-permeating peptides such as AMPs and CPPs are usually composed of linear 
sequences of amino acids and have simple architectures. By using a class of peptides with a 
chemically adaptive metaphilic architecture, which have quasi-liquid surfaces and highly 
deformable shapes, we showed that it is possible to interact with the membrane in unexpected 
ways, and significantly enhance the membrane-permeating activity of linear arginine-based 
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peptides. The root causes of this enhancement are explored using a combination of computer 
simulations, X-ray diffraction, and mean-field theory. Since the metaphilic architecture allows for 
permeation and translocation mechanisms not available for most peptides, these results here 
suggest that it may be possible to engineer nanoscopic molecular architectures optimized for 
applications such as antimicrobial agents for multidrug-resistant bacteria and drug delivery 
systems. 
4.4 Methods 
4.4.1 Synthesis of polypeptides 
All peptides (P1, P4–P6, P10–P14) were previously synthesized and characterized 
elsewhere [255]. The synthesis procedures are outlined in the scheme shown in Figure 4.6. 
Typically, L-glutamic acid (1 equiv) was monoesterified using various chloroalkyl alcohols (1.5–2 
equiv) under the catalysis of H2SO4. The resulting γ-chloroalkyl-L-glutamic acid was purified by 
recrystallization in deionized water/2-propanol (1:1, v/v) and lyophilized (yield 30–70%). The 
lyophilized amino acid (1 equiv) was then reacted with phosgene (80% solution in toluene, 1.2–1.5 
equiv) in anhydrous THF at 50 °C for 2 h to yield NCAs, which were further purified through 
recrystallization in THF/hexane (1:1, v/ v, three times) (yield 60–70%). The dried NCA monomers 
were transferred into a glovebox and stored at −30 °C. 
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Figure 4.6 | Synthetic routes of metaphilic peptides.   
To obtain the target polypeptides, hexamethyldisilazane was used to initiate the controlled 
ring-opening polymerization of NCAs in anhydrous dimethylformamide (DMF) [253, 287, 288], 
where the degree of polymerization was predetermined by the feeding monomer-to-initiator ratio. 
After > 99% monomer conversion (monitored by Fourier transform infrared spectroscopy), an 
aliquot of the DMF solution was transferred to a new vial, diluted, and injected into gel permeation 
chromatography (GPC) for the determination of degree of polymerization and polydispersity 
(polydispersity < 1.26 for all polymers). NaN3 was then added (10 equiv compared with side-chain 
chloro groups) and the mixture was stirred at 60 °C for 48 h. The resulting azide-functionalized 
polypeptide was purified through extraction with chloroform, and subsequent precipitation in 
hexane/diethyl ether (1:1, v/v) (yield 70–85%). For the final copper-catalyzed click chemistry step, 
azide-functionalized polypeptide (1 equiv of azido groups) was mixed with propargyl guanidine 
(1.5 equiv), N,N,N′,N′,N″-pentamethyldiethylenetriamine (0.10 equiv), and CuBr (0.01 equiv) in 
DMF in a glovebox. The mixture was stirred at room temperature for 24 h, and the final guanidine-
functionalized metaphilic peptide was purified by dialysis against deionized water followed by 
lyophilization (yield 60–70%). To incorporate additional hydrophobic moieties (P10–P14), long-
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chain alkynes were added together with propargyl guanidine for coconjugation. Azide-
functionalized polypeptides were characterized by nuclear magnetic resonance (NMR) and GPC 
for their chemical structures and molecular weights. The polypeptides post click chemistry side-
chain modification were analyzed by NMR to verify the efficiency of side-chain modifications and 
by circular dichroism (CD) to analyze their conformation [255]. 
4.4.2 Simulation procedure 
We performed molecular dynamics simulations using the Lammps package to investigate 
the landing and subsequent insertion process of prototypical metaphilic peptides on and into a 
membrane. 
In our coarse-grained model, all molecules were represented as assemblies of spherical 
beads (diameter 𝜎𝜎 = 8.5 Å [289], the size of a lipid headgroup). Specifically, the membrane was 
modeled as a bilayer of 4- bead long lipids and spanned an entire cross-section of the system. 20% 
of the lipids carried a −1𝑒𝑒 charge on their headgroup. The peptide possessed a helical core of 55 
beads (corresponding to 55 amino acids), onto each of which was grafted a 4-bead long, flexible 
side chain. Either 50% or 100% of the side chains carried a terminal +1𝑒𝑒 charge. Both the 
membrane and the peptide were embedded in a 100 mM salt solution mimicking physiological 
conditions. A relatively large system of size 60 × 60 × 60 𝜎𝜎3 was chosen, giving rise to 7200 lipids 
and over 17,000 ions. Periodic boundary conditions were applied in all three dimensions. 
The beads in the peptide core were grouped as a rigid body, whereas those in the side chains 
or in the lipids were stiffly bonded by a harmonic potential, 𝑈𝑈bond(𝑟𝑟) = 𝑘𝑘bond(𝑟𝑟 − 𝑟𝑟0)2 with 
equilibrium bond length 𝑟𝑟0 = 𝜎𝜎 and strength 𝑘𝑘bond = 300𝑘𝑘B𝑇𝑇 𝜎𝜎2⁄ . For lipids, a strong angle 
potential was introduced between two adjacent bonds to maintain a linear structure, 𝑈𝑈angle(𝜃𝜃) =
𝑘𝑘angle(𝜃𝜃 − 𝜃𝜃0)2 with 𝜃𝜃0 = 180° and 𝑘𝑘angle = 10𝑘𝑘B𝑇𝑇 /rad2. All nonbonded beads were subject to 
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excluded-volume effects and Coulomb interactions. The former were implemented via a shifted-
truncated Lennard-Jones (LJ) potential with strength 𝜀𝜀 = 0.8𝑘𝑘B𝑇𝑇  and cutoff 𝑟𝑟𝑐𝑐 = 21/6𝜎𝜎, while the 
latter was treated via Ewald summation with a relative accuracy of 10−4. Moreover, we employed 
a widely used generic model with implicit solvent to efficiently account for hydrophobicity [290]. 
Uncharged beads in the hydrophobic side chains and lipid tails experienced an effective attraction, 
𝑈𝑈cos(𝑟𝑟) = −𝜀𝜀 cos2�𝜋𝜋(𝑟𝑟 − 𝑟𝑟𝑐𝑐)  2𝑤𝑤𝑐𝑐⁄ �, 𝑟𝑟𝑐𝑐 ≤ 𝑟𝑟 ≤ 𝑟𝑟𝑐𝑐 + 𝑤𝑤𝑐𝑐  with 𝑤𝑤𝑐𝑐 = 1.6𝜎𝜎. Due to the soft attraction 
(strength 𝜀𝜀 = 0.8𝑘𝑘B𝑇𝑇 ), side chains and lipids tended to display moderate aggregation, remaining 
in the liquid state rather than forming a solid. 
When studying the landing process via steered molecular dynamics, we confined the lipid 
headgroups of the outer leaflet of the membrane within the x–y plane, and simultaneously fixed 
the center of mass of the peptide core but released all other degrees of freedom. By systematically 
varying the distance between the peptide and the membrane, we could measure the free-energy 
change upon landing. Here the system was examined in the NVT ensemble by applying a Langevin 
thermostat to introduce thermal fluctuations. In the subsequent investigation of the insertion 
process, to allow the reconfiguration of the membrane upon insertion, we also applied a Berendsen 
barostat and kept the system under constant pressure, equal to the osmotic pressure of a 100 mM 
salt solution. All simulations were performed for more than 107 time steps, with time step 𝑑𝑑𝑑𝑑 =
0.002𝜏𝜏, where 𝜏𝜏 = �𝑚𝑚𝜎𝜎2 𝜀𝜀⁄ �1/2 (𝑚𝑚 the bead mass) was the LJ time unit. 
4.4.3 SAXS experiments and data analysis 
SUVs were prepared from lyophilized phospholipids DOPS and DOPE purchased from 
Avanti Polar Lipids. Briefly, individual lipid stock solutions were prepared by dissolving DOPS 
and DOPE in chloroform at 20 mg/mL. A model membrane composition was prepared from the 
lipid stock solutions as a mixture of DOPS/DOPE at a 20/80 molar ratio. The lipid mixture was 
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evaporated under N2 and desiccated under vacuum overnight to form a lipid film, and then hydrated 
in aqueous 100 mM NaCl, 10 mM HEPES (pH 7.4) to a concentration of 20 mg/mL. The aqueous 
lipid solution was incubated at 37 °C overnight, sonicated until clear, and extruded through a 
0.2 μm pore Nucleopore filter (Whatman) to obtain SUVs. 
Metaphilic peptides were solubilized in aqueous 100 mM NaCl, 10 mM HEPES (pH 7.4) 
and mixed with SUVs at electroneutral P/L molar ratios, which are calculated based on 20 mol% 
of lipids having anionic charge. Samples were hermetically sealed into quartz capillaries 
(Hilgenberg GmbH, Mark-tubes) for SAXS experiments at the Stanford Synchrotron Radiation 
Lightsource (SSRL, beamline 4–2) using monochromatic X-rays with an energy of 9 keV. 
Scattered radiation was collected using a Rayonix MX255-HE detector (73.2 μm pixel size) and 
2D SAXS powder patterns were integrated with Nika 1.50 [192] package for Igor Pro 6.31 and 
FIT2D [193]. 
The integrated scattering intensity I(Q) was plotted versus Q using Origin Lab software. 
Phases present in each sample were identified by tabulating the measured peak positions, 
𝑄𝑄measured, and comparing their ratios with those of the permitted reflections for different crystal 
phases. The lattice parameter of each identified phase was calculated from the slope of the linear 
regression through points corresponding to the peaks. For powder-averaged cubic and hexagonal 
phases, each point corresponding to a peak was defined by coordinates of the assigned reflection 
(in terms of Miller indices ℎ, 𝑘𝑘, 𝑙𝑙) and 𝑄𝑄measured. For a cubic phase, 𝑄𝑄 = (2π 𝑎𝑎⁄ )√ℎ2 + 𝑘𝑘2 + 𝑙𝑙2, and 
for a hexagonal phase, 𝑄𝑄 = �4π �𝑎𝑎√3�� � √ℎ2 + ℎ𝑘𝑘 + 𝑘𝑘2, where 𝑎𝑎 is the lattice parameter. 
Therefore, the slopes of the regressions of 𝑄𝑄measured versus √ℎ2 + 𝑘𝑘2 + 𝑙𝑙2 and 𝑄𝑄measured versus 
√ℎ2 + ℎ𝑘𝑘 + 𝑘𝑘2 are 2π 𝑎𝑎⁄  and 4π �𝑎𝑎√3�� , respectively, which can be used to calculate 𝑎𝑎. For a 
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lamellar phase, each point corresponding to a peak has coordinates of the order of the reflection, 
𝑁𝑁 , and 𝑄𝑄measured with the relation 𝑄𝑄 = 2π𝑁𝑁 𝑑𝑑⁄ . The regression of 𝑄𝑄measured versus 𝑁𝑁  then has a 
slope of 2𝜋𝜋 𝑑𝑑⁄ , which yields the periodic spacing 𝑑𝑑. 
4.4.4 Cellular uptake experiments 
Cellular uptake data were sourced from experiments conducted previously elsewhere [255] 
to be compared with findings from this study. Briefly, HeLa cells were seeded into 96-well plates 
at a density of 1 × 104 cells/well and cultured for 24 h. The culture medium was then replaced with 
serum-free Dulbecco’s modified Eagle’s medium (DMEM). Endocytosis inhibitors 
chlorpromazine (10 μg/mL), genistein (200 μg/mL), methyl-β-cyclodextrin (50 μM), and 
wortmannin (50 nM) were added to the cells 30 min before the addition of peptide. To investigate 
the membrane permeability, each peptide was labeled with rhodamine (Rh) and 2 μg was added 
into each well containing HeLa cells. After incubating the Rh-peptide with the cells for 2 h at 
37 °C, the cells were washed with phosphate-buffered saline (PBS) containing 20 U/mL heparin 
and then lysed using radioimmunoprecipitation assay (RIPA) buffer at room temperature for 
20 min. The intracellular content of the Rh-peptide in the cell lysate was quantified using 
spectrofluorimetry and the cellular protein level was quantified using a bicinchoninic acid (BCA) 
kit, such that the uptake level was expressed as the quantity (μg) of Rh-peptide per 1 mg of cellular 
protein. Peptide-induced pore formation in cell membranes was studied by measuring the cellular 
internalization of membrane-impermeable FITC. The procedures were the same as above, except 
2 μg of peptide and 0.2 μg of FITC were added into each well containing HeLa cells. Cells that 
were treated with only FITC served as the control. FITC in the cell lysate was quantified using 
spectrofluorimetry and the uptake level was expressed as the quantity (μg) of FITC per 1 mg of 
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cellular protein. The cellular uptake levels were compared against those of HIV-TAT and R9 that 
had been fluorescently labeled with carboxytetramethylrhodamine (TAMRA). 
4.4.5 Calculation of hydrophobic volume for metaphilic peptide comparisons 
We defined the hydrophobic volume of a metaphilic peptide by the total number of methyl 
and/or methylene groups present among its side chains. For uncharged side chains, this includes: 
(a) R, conjugated alkyl chain with 4–6 hydrocarbons, (b) x + 2, spacer between triazole and ester 
with 3, 6, or 8 methylene groups, (c) spacer between backbone and ester with 2 methylene groups. 
For charged side chains, this includes: (a) spacer between triazole and guanidine with 1 methylene 
group, (b) x + 2, spacer between triazole and ester with 3, 6, or 8 methylene groups, (c) spacer 
between backbone and ester with 2 methylene groups. For example, for metaphilic peptide P11: 
(0.5)(69)(5 + 3 + 2) + (0.5)(69)(1 + 3 + 2) = 552 total methyl and/or methylene groups. 
4.4.6 Mean-field theory 
We employed a molecular lipid model that was proposed and analyzed in previous work 
[283]. It describes the free energy per lipid 
 𝑓𝑓(𝑎𝑎𝑖𝑖, 𝑎𝑎ℎ, 𝑏𝑏) = 𝛾𝛾𝑎𝑎𝑖𝑖 + 𝐵𝐵𝑎𝑎ℎ + 𝜏𝜏(𝑏𝑏 − 𝑙𝑙𝑐𝑐)2 (4.1) 
in a lipid bilayer as a function of three molecular quantities, 𝑎𝑎𝑖𝑖, 𝑎𝑎ℎ, and 𝑏𝑏; see Figure 4.5A. The 
first contribution to 𝑓𝑓  corresponds to the interfacial energy of exposing the apolar hydrocarbon 
chains to the polar headgroup region; 𝑎𝑎𝑖𝑖 is the cross-sectional area per lipid at this interface, and 
𝛾𝛾 ≈ 12𝑘𝑘B𝑇𝑇 /nm2 is the corresponding surface tension. The second term accounts for the repulsive 
interactions between lipid headgroups, described in terms of a single headgroup interaction surface 
of cross-sectional area 𝑎𝑎ℎ per lipid, located a fixed distance 𝑙𝑙ℎ away from the interface between 
the hydrocarbon chains and headgroups. All headgroup interactions (steric, ionic, dipolar, 
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hydration, etc.) are lumped into a single parameter, 𝐵𝐵. Finally, the third term in (4.1) describes the 
stretching/compression energy of the hydrocarbon chain region, where 𝑏𝑏 is the actual thickness 
and 𝑙𝑙𝑐𝑐  the preferred thickness of the hydrocarbon core for each membrane leaflet. The prefactor 𝜏𝜏 
and the preferred thickness 𝑙𝑙𝑐𝑐  have been previously estimated using detailed molecular-level chain 
packing calculations [283], resulting in 𝜏𝜏 = 7.9𝑘𝑘B𝑇𝑇 /nm2 and 𝑙𝑙𝑐𝑐 = 1.16 nm for lipids with two 
–(CH2)15–CH3 hydrocarbon chains. We also assumed that the hydrophobic volume per lipid, 𝜈𝜈𝐿𝐿 = 
0.918 nm3, is conserved for any given conformation 𝑎𝑎𝑖𝑖, 𝑎𝑎ℎ, and 𝑏𝑏. The bending free energy per unit 
area of an initially planar and symmetric lipid bilayer 
 
Δ𝑓𝑓𝐸𝐸𝑎𝑎𝐸𝐸 + Δ𝑓𝑓𝐼𝐼𝑎𝑎𝐼𝐼 = 𝜅𝜅2 (𝑐𝑐1 + 𝑐𝑐2)2 + 𝜅𝜅𝑐𝑐1𝑐𝑐2 (4.2) 
can be expressed [7] in terms of the two principal curvatures 𝑐𝑐1 and 𝑐𝑐2, measured at the bilayer 
midplane, with 𝜅𝜅 and 𝜅𝜅 denoting the bending stiffness and Gaussian modulus, respectively. The 
left-hand side of (4.2) separates the free energy into contributions from the external (𝐸𝐸) and 
internal (𝐼𝐼) leaflet of the lipid bilayer. We characterized the lipid conformation in the external 
leaflet by 𝑎𝑎𝑖𝑖𝐸𝐸 , 𝑎𝑎ℎ𝐸𝐸 , 𝑏𝑏𝐸𝐸  and in the internal leaflet by 𝑎𝑎𝑖𝑖𝐼𝐼 , 𝑎𝑎ℎ𝐼𝐼 , 𝑏𝑏𝐼𝐼 . Knowing these quantities allowed us 
to calculate the bending-induced change in free energy per lipid, Δ𝑓𝑓𝐸𝐸 = 𝑓𝑓�𝑎𝑎𝑖𝑖𝐸𝐸, 𝑎𝑎ℎ𝐸𝐸, 𝑏𝑏𝐸𝐸� −
𝑓𝑓(𝑎𝑎0, 𝑎𝑎0, 𝑏𝑏0) and Δ𝑓𝑓𝐼𝐼 = 𝑓𝑓�𝑎𝑎𝑖𝑖𝐼𝐼 , 𝑎𝑎ℎ𝐼𝐼 , 𝑏𝑏𝐼𝐼 � − 𝑓𝑓(𝑎𝑎0, 𝑎𝑎0, 𝑏𝑏0), in the external and internal leaflet, 
respectively, where 𝑎𝑎0 is the equilibrium cross-sectional area per lipid of a planar membrane. Note 
that the conservation of the hydrophobic volume per lipid, 𝜈𝜈𝐿𝐿, links 𝑎𝑎0 = 𝜈𝜈𝐿𝐿  𝑏𝑏0⁄  to the equilibrium 
chain extension 𝑏𝑏0 in a planar membrane. More generally, for nonvanishing membrane curvatures, 
conservation of 𝜈𝜈𝐿𝐿 links the cross-sectional areas 𝑎𝑎𝐸𝐸 = 𝜈𝜈𝐿𝐿  �𝑏𝑏𝐸𝐸�1 + (𝑐𝑐1 + 𝑐𝑐2)𝑏𝑏𝐸𝐸  2⁄ + 𝑐𝑐1𝑐𝑐2𝑏𝑏𝐸𝐸2   3⁄ ��⁄  
and 𝑎𝑎𝐼𝐼 = 𝜈𝜈𝐿𝐿  �𝑏𝑏𝐼𝐼 �1 − (𝑐𝑐1 + 𝑐𝑐2)𝑏𝑏𝐼𝐼   2⁄ + 𝑐𝑐1𝑐𝑐2𝑏𝑏𝐼𝐼2  3⁄ ��⁄  of the lipids in the external and internal 
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leaflets, measured at the bilayer midplane, to their respective chain lengths 𝑏𝑏𝐸𝐸  and 𝑏𝑏𝐼𝐼 . In fact, the 
molecular cross-sectional areas 𝑎𝑎𝑖𝑖𝐸𝐸 =  𝑎𝑎𝐸𝐸�1 + (𝑐𝑐1 + 𝑐𝑐2)𝑏𝑏𝐸𝐸 + 𝑐𝑐1𝑐𝑐2𝑏𝑏𝐸𝐸2 �, 𝑎𝑎𝑖𝑖𝐼𝐼 =  𝑎𝑎𝐼𝐼 �1 − (𝑐𝑐1 + 𝑐𝑐2)𝑏𝑏𝐼𝐼 +
𝑐𝑐1𝑐𝑐2𝑏𝑏𝐼𝐼2�, 𝑎𝑎ℎ𝐸𝐸 =  𝑎𝑎𝐸𝐸�1 + (𝑐𝑐1 + 𝑐𝑐2)(𝑏𝑏𝐸𝐸 + 𝑙𝑙ℎ) + 𝑐𝑐1𝑐𝑐2(𝑏𝑏𝐸𝐸 + 𝑙𝑙ℎ)2�, and 𝑎𝑎ℎ𝐼𝐼 =  𝑎𝑎𝐼𝐼 �1 − (𝑐𝑐1 + 𝑐𝑐2)(𝑏𝑏𝐼𝐼 + 𝑙𝑙ℎ) +
𝑐𝑐1𝑐𝑐2(𝑏𝑏𝐼𝐼 + 𝑙𝑙ℎ)2� can all be related to 𝑏𝑏𝐸𝐸  and 𝑏𝑏𝐼𝐼  through simple geometric relations. Yet, the 
hydrophobic thicknesses 𝑏𝑏𝐸𝐸 = 𝑏𝑏0�1 + 𝜂𝜂(𝑐𝑐1 + 𝑐𝑐2)� and 𝑏𝑏𝐼𝐼 = 𝑏𝑏0�1 − 𝜂𝜂(𝑐𝑐1 + 𝑐𝑐2)� of the external and 
internal leaflets, respectively, may themselves be curvature-dependent. We accounted for the 
curvature-induced adjustment of leaflet thickness through a yet unknown relaxation parameter 𝜂𝜂. 
The free energy in (4.2) adopts its minimum with respect to 𝜂𝜂. Force equilibrium of a planar 
membrane yields the condition 
 𝐵𝐵 = 𝛾𝛾𝜈𝜈𝐿𝐿2𝑏𝑏02 − 2𝜏𝜏𝜈𝜈𝐿𝐿(𝑏𝑏0 − 𝑙𝑙𝑐𝑐) (4.3) 
for the equilibrium thickness 𝑏𝑏0. Typical values for the equilibrium cross-sectional area per lipid 
of a planar membrane, 𝑎𝑎0 ≈ 0.7 nm2, are well-known from both experiments [11] and MD 
simulations [291]. Hence, we used 𝑏𝑏0 = 𝜈𝜈𝐿𝐿  𝑎𝑎0⁄ = 1.31 nm as input in (4.3) to determine the 
headgroup repulsion parameter 𝐵𝐵. 
Series expansion of the left-hand side of (4.2), minimization with respect to 𝜂𝜂, and 
comparison with the right-hand side of that equation allowed us to calculate the Gaussian modulus 
𝜅𝜅, the relaxation parameter 𝜂𝜂, and the bending stiffness 𝜅𝜅. It was convenient to express the results 
in terms of the dimensionless quantities 𝐵𝐵 = 𝐵𝐵𝑏𝑏02 �𝛾𝛾𝜈𝜈𝐿𝐿2 �� , 𝜏𝜏 = 𝜏𝜏𝑏𝑏03  (𝛾𝛾𝜈𝜈𝐿𝐿)⁄ , 𝑙𝑙𝑐𝑐 = 𝑙𝑙𝑐𝑐  𝑏𝑏0⁄ , and 𝑙𝑙ℎ =
𝑙𝑙ℎ  𝑏𝑏0⁄ . (4.3) was then equivalent to 𝐵𝐵 = 1 − 2𝜏𝜏�1 − 𝑙𝑙𝑐𝑐�. With that, our final results are 
 𝜅𝜅 = 23 𝑏𝑏02𝛾𝛾�2�1 − 𝑙𝑙𝑐𝑐��2 + 3𝑙𝑙ℎ�2 + 𝑙𝑙ℎ��𝜏𝜏 − 3𝑙𝑙ℎ�2 + 𝑙𝑙ℎ�� (4.4) 
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 𝜂𝜂 = 𝑏𝑏02 1 + 2𝑙𝑙ℎ − �1 − 𝑙𝑙𝑐𝑐��3 + 4𝑙𝑙ℎ�𝜏𝜏1 + 𝜏𝜏  (4.5) 
   
 𝜅𝜅 = 𝛾𝛾𝑏𝑏02 ��1 + 2𝑙𝑙ℎ�2�1 + 2�𝑙𝑙𝑐𝑐 − 1�𝜏𝜏� − �1 + 2𝑙𝑙ℎ + �𝑙𝑙𝑐𝑐 − 1��3 + 4𝑙𝑙ℎ�𝜏𝜏�
2
1 + 𝜏𝜏 � (4.6) 
As introduced above, we used 𝛾𝛾 = 12𝑘𝑘B𝑇𝑇 /nm2, 𝜏𝜏 = 7.9𝑘𝑘B𝑇𝑇 /nm2, 𝑙𝑙𝑐𝑐 = 1.16 nm, 𝜈𝜈𝐿𝐿 = 0.918 nm3, 
and 𝑏𝑏0 = 1.31 nm. With that, we obtained the following values for 𝜅𝜅, 𝜂𝜂, and 𝜅𝜅 as functions of the 
distance 𝑙𝑙ℎ between the headgroup interaction surface and the polar–apolar interface (Table 4.1). 
𝒍𝒍𝒉𝒉 (nm) 𝜿𝜿 (𝒌𝒌𝐁𝐁𝑻𝑻 ) 𝜼𝜼 (𝒃𝒃𝟎𝟎) 𝜿𝜿 (𝒌𝒌𝐁𝐁𝑻𝑻 ) 
0.1 6.0 0.14 14.9 
0.3 −3.1 0.18 23.3 
0.5 −13.5 0.23 33.6 
Table 4.1 | Values for 𝜿𝜿, 𝜼𝜼, and 𝜿𝜿 as functions of 𝒍𝒍𝒉𝒉. 
A small headgroup, such as for 𝑙𝑙ℎ = 0.1 nm, entails a positive Gaussian modulus and thus 
instability with respect to NGC. Growing headgroup size increases the bending stiffness and 
decreases the Gaussian modulus to more negative values. In the following we use 𝑙𝑙ℎ = 0.3 nm. 
Metaphilic peptides insert into the hydrocarbon core of the host bilayer such that their 
hydrophobic moieties are buried into the hydrocarbon core whereas the charged groups extend 
toward the polar–apolar interface. The burying of the peptide into the hydrocarbon core is 
described in our model by an effective increase in the lipid’s hydrophobic volume 𝜈𝜈𝐿𝐿 → 𝜈𝜈𝐿𝐿 +
𝜈𝜈𝑃𝑃𝑒𝑒𝑓𝑓𝑓𝑓 𝑃𝑃 𝐿𝐿⁄ , where P/L is the peptide-to-lipid ratio and 𝜈𝜈𝑃𝑃𝑒𝑒𝑓𝑓𝑓𝑓  is the effective hydrophobic volume of 
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the peptide. If the peptide’s monomers were all hydrophobic, 𝜈𝜈𝑃𝑃𝑒𝑒𝑓𝑓𝑓𝑓 = 𝜈𝜈𝑃𝑃  would correspond to the 
hydrophobic volume of the peptide, 𝜈𝜈𝑃𝑃 = 15 nm3 for P11. The effective value 𝜈𝜈𝑃𝑃𝑒𝑒𝑓𝑓𝑓𝑓  is expected to 
be somewhat smaller than 𝜈𝜈𝑃𝑃 , depending on how much area the charged groups occupy at the 
membrane’s polar–apolar interface and at the headgroup interaction surface. The electrostatic 
interactions of the cationic side chains with the anionic lipid headgroups can be described within 
the classical Poisson–Boltzmann theory. As noted by Israelachvili [10], the inverse 1  𝑎𝑎ℎ⁄ -
dependence of the headgroup repulsion free-energy contribution is consistent with the linearized 
Poisson–Boltzmann model, which is applicable for membranes with mole fractions of up to 20% 
of charged lipids at physiological conditions [292]. This simply implies replacement of the 
headgroup repulsion parameter in (4.1) by, 𝐵𝐵 − 𝑘𝑘B𝑇𝑇2π𝑙𝑙𝐵𝐵𝑙𝑙𝐷𝐷�𝜙𝜙2 − (𝜙𝜙 − 𝑧𝑧𝑐𝑐 𝑃𝑃 𝐿𝐿⁄ )2�, where 𝑙𝑙𝐵𝐵 = 
0.7 nm is the Bjerrum length in water, 𝑙𝑙𝐷𝐷 = 1 nm is the Debye screening length at physiological 
conditions, and 𝑧𝑧𝑐𝑐 = +35 is the number of cationic side chains in P11. We also recall that 𝜙𝜙 = 0.2 
is the mole fraction of anionic lipids. Figure 4.5B was then calculated for 𝜈𝜈𝑃𝑃𝑒𝑒𝑓𝑓𝑓𝑓 = 10 nm3 and 𝑧𝑧𝑐𝑐 = 
+35 (solid line), 𝜈𝜈𝑃𝑃𝑒𝑒𝑓𝑓𝑓𝑓 = 10 nm3 and 𝑧𝑧𝑐𝑐 = 0 (dashed line), and 𝜈𝜈𝑃𝑃𝑒𝑒𝑓𝑓𝑓𝑓 = 0 and 𝑧𝑧𝑐𝑐 = +35 (dash-dotted 
line). A more systematic description of the Gaussian modulus and the bending stiffness for 
variations of 𝜈𝜈𝑃𝑃𝑒𝑒𝑓𝑓𝑓𝑓  and 𝑧𝑧𝑐𝑐  is presented in Figure 4.7, and suggests that insertion of metaphilic 
peptides into membranes generally tends to shift the Gaussian modulus toward less negative values 
but has little effect on the bending stiffness. 
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Figure 4.7 | Gaussian modulus 𝜿𝜿 and bending stiffness 𝜿𝜿 as functions of P/L. Solid lines (calculated for 𝑧𝑧𝑐𝑐 = +35) and dashed lines (calculated for 𝑧𝑧𝑐𝑐 = 0) correspond to 𝜈𝜈𝑃𝑃𝑒𝑒𝑓𝑓𝑓𝑓 = 15 nm3, 𝜈𝜈𝑃𝑃𝑒𝑒𝑓𝑓𝑓𝑓 = 10 nm3, 𝜈𝜈𝑃𝑃𝑒𝑒𝑓𝑓𝑓𝑓 = 
5 nm3, 𝜈𝜈𝑃𝑃𝑒𝑒𝑓𝑓𝑓𝑓 = 0 (from top to bottom in (A), from bottom to top in (B)). 
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Chapter 5  
Direct Antimicrobial Activity of IFN-β  
5.1 Introduction 
The type I interferons (IFNs) are a pleiotropic family of cytokines. In particular, IFN-β was 
shown to be important in antiviral defense [293], antibacterial defense [294], cellular growth and 
apoptosis [295], and autoimmune disorders [296]. There is strong purifying selection for IFN-β in 
the human genome, suggesting it is an important host defense molecule [297]. 
S. aureus is a Gram-positive bacterium that naturally colonizes the nares of 30–50% of the 
world’s population [298]. S. aureus can also cause disease in humans, especially as a hospital-
acquired infection. In recent years, antibiotic-resistant strains, such as methicillin-resistant S. 
aureus, have become increasingly prevalent [299]. Consequently, it is becoming increasingly 
important that we understand how the host successfully combats S. aureus and how best to develop 
new therapies for treating drug-resistant infections. 
AMPs are a large and diverse family of antimicrobial molecules that exhibit potent 
antibacterial activity. AMPs are present throughout the mammalian body and are found in 
especially high concentrations on mucosal surfaces [300]. AMPs are evolutionarily ancient, being 
conserved from invertebrates onward [301]. Overall, AMPs are characterized by a net cationic 
charge and segregated regions of polar and nonpolar residues [302]. AMPs can selectively 
                                                            
This chapter is adapted with permission from Kaplan, A., Lee, M.W., Wolf, A.J., Limon, J.J., Becker, C.A., Ding, M., 
Murali, R., Lee, E.Y., Liu, G.Y., Wong, G.C.L. & Underhill, D.M. Direct antimicrobial activity of IFN-β. J. Immunol. 
198, 4036–4045 (2017). Copyright © 2017 The American Association of Immunologists, Inc. 
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permeate bacterial membranes and kill via disruption of barrier function and/or binding to 
intracellular targets. Previous work has found that the mechanism by which AMPs permeabilize 
bacterial membranes is through the generation of the type of curvature topologically required for 
a variety of membrane-disruption processes, such as pore formation and blebbing, and is referred 
to as NGC [116, 199]. 
IFN-β has been shown to exhibit antimicrobial activity against Gram-positive bacteria, 
including S. aureus and Staphylococcus epidermidis [303]. Results from immunoblotting and 
SYTOX assays indicate that its bactericidal activity is related to its ability to bind and permeabilize 
bacterial membranes, similar to that of AMPs [303]. In fact, an S. aureus mutant that is specifically 
more susceptible to AMPs was killed more efficiently by IFN-β compared with the wild-type (WT) 
strain [303]. These findings suggest that the antimicrobial activity of IFN-β is cognate to that of 
AMPs. In this chapter, we investigate the properties and activities of both mouse and human IFN-
β. Using sequence analysis, we show that component helix 4 resembles an α-helical AMP with 
respect to its cationic charge, amphipathicity, and amino acid composition. Synchrotron SAXS 
measurements reveal that helix 4 can selectively permeabilize bacterial membranes by generating 
NGC, and bacterial-killing assays further demonstrate that the individual component helix 4 is 
sufficient to kill S. aureus. Together, these results show that in addition to its well-known signaling 
activity, IFN-β exhibits complementary antimicrobial activity that is likely relevant to efficient 
clearance of bacterial infections. 
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5.2 Results 
5.2.1 Compositional comparison of IFN-β helices with AMPs 
Although vastly diverse in sequence and structure, most AMPs share several common 
features: they are generally short (< 50 amino acids), have a net positive charge (+2 to +9), and 
have a substantial proportion (≥ 30%) of hydrophobic residues. The fundamental motif common 
among α-helical AMPs is the ability to adopt an amphipathic secondary structure that clusters 
hydrophobic and cationic amino acids into distinct domains [12]. This cationic and amphipathic 
nature of AMPs has been found to be associated with their activity [12, 115]. 
Like many cytokines, the tertiary structure of IFN-β is a bundle of five α-helices (Figure 
5.1). Regions of the IFN-β molecular surface are cationic, and the majority of the positively 
charged residues are localized toward the C-terminus [303]. 
 
Figure 5.1 | Structures of mouse and human IFN-β. Ribbon structures of mouse (left) and human (right) 
IFN-β are shown with N- and C-termini labeled. The five α-helices are color coded, from N- to C-terminus, 
as blue, green, yellow, orange, and red. 
The 21- and 17-residue-long regions corresponding to helix 4 of mouse and human IFN-β, 
respectively, have the highest proportion of cationic polar residues and hydrophobic residues 
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relative to all helices present in the cytokine (Figure 5.2A,B, Figure 5.3A). The two sequences also 
adopt facially amphipathic α-helical conformations, in which cationic and hydrophobic faces are 
formed along the helical axis (Figure 5.2A). These characteristics are similar to the structural motif 
common to a large class of AMPs [117, 226]. 
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Figure 5.2 | Mouse and human IFN-β helix 4 are similar to AMPs. (A) Helical wheel projection plots 
of mouse and human IFN-β helix 4 sequences to illustrate their facial amphipathicity, which is characterized 
by the segregation of hydrophilic and hydrophobic residues to form two distinct faces along the helical 
axis. Positively charged hydrophilic residues are blue, negatively charged hydrophilic residues are red, 
uncharged hydrophilic residues are violet, and hydrophobic residues are green. (B) Mouse and human IFN-
β helix 4 sequences; native sequences are shown alongside synthesized peptides. Helical regions are boxed. 
Residues are color coded as in (A). (C) Relationship between positively charged residues 𝑵𝑵𝐊𝐊  (𝑵𝑵𝐊𝐊 + 𝑵𝑵𝐑𝐑)⁄  
and average peptide hydrophobicity for 1080 cationic AMPs in the AMP database (gray circles). Mouse 
IFN-β helix 4, human IFN-β helix 4, human LL-37, and human IL-26 are plotted for comparison. (D) 
Histogram depicting the distribution of average hydrophobicities among 1080 cationic AMPs in the AMP 
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database (green bars) compared with the hydrophobicities of mouse IFN-β helix 4, human IFN-β helix 4, 
human LL-37, and human IL-26. 
We also observed similarities between the amino acid compositions of IFN-β helix 4 and 
those of AMPs in general. In relation to the previously identified trend [116] between 
𝑁𝑁K  (𝑁𝑁K + 𝑁𝑁R)⁄ , the ratio of the number of lysines/total number of lysines and arginines, and 
average peptide hydrophobicity based on the Eisenberg consensus scale [304] for 1080 cationic 
AMPs from the AMP database [305], we found that mouse and human IFN-β helix 4 contain 
similar proportions of cationic and hydrophobic residues (Figure 5.2C). In fact, their positions 
relative to the 1080 cationic AMP trendline (Figure 5.2C) suggest a high compositional 
resemblance to AMPs. Among the five helices of mouse and human IFN-β, helix 4 exhibited the 
greatest correspondence to the AMP trendline (Figure 5.3B). Moreover, when evaluating the 
amounts of hydrophobic residues independently, we found that the hydrophobicities of mouse and 
human IFN-β helix 4 also fall within the range of hydrophobicities of AMPs (Figure 5.2D, Figure 
5.3C). In both comparisons, we included human LL-37, a well-characterized α-helical AMP [306], 
and human IL-26, a cytokine that was recently observed to exhibit antimicrobial activity [307], for 
reference. Taken together, these findings suggest that mouse and human IFN-β helix 4 may interact 
with membranes in a manner similar to AMPs. 
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Figure 5.3 | Comparisons of IFN-β helices with AMPs. (A) Helical wheel projections for all five helices 
of mouse IFN-β (mIFN-β) and human IFN-β (hIFN-β). (B) Sequences of helices 1–5 for mIFN-β and hIFN-
β, human LL-37, and human IL-26 are plotted and compared with 1080 cationic AMPs in the AMP database 
(grey open circles) using the relation between 𝑵𝑵𝐊𝐊  (𝑵𝑵𝐊𝐊 + 𝑵𝑵𝐑𝐑)⁄  (the ratio of the number of lysines to the 
total number of lysines and arginines) and average peptide hydrophobicity (using the Eisenberg Consensus 
scale). (C) Hydrophobicities of helices 1–5 for mIFN-β and hIFN-β, human LL-37, and human IL-26 are 
shown in comparison with the distribution of average hydrophobicities (using the Eisenberg Consensus 
scale) among AMPs in the AMP database (histogram). All helices are within the hydrophobic range of 
AMPs. 
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5.2.2 IFN-β helix 4 induces membrane curvature in bacterial membranes and kills S. 
aureus 
Earlier studies identified a strong correlation between the formation of NGC and AMP-
induced membrane-destabilization mechanisms [116, 154, 199, 202, 217, 218]. NGC is also 
known as saddle-splay curvature, on which a surface curves upwards in one direction and 
downward in the perpendicular direction. NGC is topologically necessary for membrane-
destabilizing processes, including pore formation, budding, and blebbing and, thus, is said to be 
the primary mode by which AMPs compromise the barrier function of membranes [116, 199]. For 
instance, NGC can be observed along the curved surface of a transmembrane pore (Figure 5.4A). 
We synthesized peptides corresponding to mouse IFN-β helix 4 (mIFNβ-h4) and human 
IFN-β helix 4 (hIFNβ-h4) (Figure 5.2B), and used SAXS to quantitatively characterize the 
membrane curvature deformations that they induce. We systematically examined a range of 
membranes with varying lipid compositions, modeled from the differing compositions of bacterial 
and eukaryotic cell membranes [2, 12, 117, 308]. For example, in bacterial membranes, PG and 
PE are the main anionic and zwitterionic lipids, respectively. However, in eukaryotic membranes, 
PS is the primary anionic lipid, and PC is the primary zwitterionic lipid. We prepared SUVs with 
a fixed anionic charge typical of bacterial membranes (20%) but with varying concentrations of 
PE to represent bacterial membranes (DOPG/DOPE = 20/80) and more eukaryotic-like 
membranes (DOPG/DOPE/DOPC = 20/40/40 and DOPS/DOPC = 20/80). SUVs were incubated 
with mIFNβ-h4 and hIFNβ-h4 at specific peptide-to-lipid (P/L) molar ratios and pHs, and the 
resulting structures were characterized by SAXS. 
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Figure 5.4 | IFN-β helix 4 induces membrane curvature in bacterial membranes and kills S. aureus. 
(A) NGC, also known as saddle-splay curvature, is topologically necessary for membrane-destabilizing 
processes, such as pore formation by AMPs. (B) IFN-β helix 4 does not generate NGC in eukaryotic-like 
membranes. SAXS spectra from eukaryotic model membranes (DOPG/DOPE/DOPC = 20/40/40 and 
DOPS/DOPC = 20/80) incubated with mIFNβ-h4 and hIFNβ-h4 at P/L = 1/50. (C) mIFNβ-h4 and hIFNβ-
h4 generate cubic phases in prokaryotic model membrane DOPG/DOPE = 20/80 at P/L = 1/50. Insets 
provide expanded views of the cubic phase reflections. (D) S. aureus incubated with mIFNβ-h4 at 0.006, 
0.06, 0.6, and 6 μM for 1 and 3 h. (E) S. aureus incubated with mIFNβ-h4 at 6.25, 12.5, 25, 50, 100, and 
200 μM for 3 h to determine the MBC. (F) S. aureus incubated with WT and mutant mIFNβ-h4 for 3 h. 
(G–I) Bacteria were incubated with buffer (vehicle) or 6 μM mIFNβ-h4 for 3 h. Data are shown as mean ± 
SD. *𝑝𝑝 ≤ 0.05, **𝑝𝑝 ≤ 0.01, ***𝑝𝑝 ≤ 0.001, unpaired two-tailed t test. ND, below limit of detection. 
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SAXS spectra from two eukaryotic-like membrane compositions, DOPG/DOPE/DOPC = 
20/40/40 and DOPS/DOPC = 20/80, incubated with mIFNβ-h4 and hIFNβ-h4 at P/L = 1/50 are 
shown in Figure 5.4B. We found that mIFNβ-h4 and hIFNβ-h4 did not restructure either of the 
two membrane compositions at neutral pH, as indicated by the form factors without correlation 
peaks. In fact, the SAXS profiles resembled those of control SUVs, which exhibited characteristic 
features consistent with a single lipid bilayer (Figure 5.5). Similarly, the hIFNβ-h4 at an acidic pH 
did not restructure DOPS/DOPC = 20/80 vesicles. However, for DOPG/DOPE/DOPC = 20/40/40 
at an acidic pH, hIFNβ-h4 induced a lamellar (Lα) phase (𝑑𝑑Lα = 5.79 nm) with correlation peaks 
at integral Q-ratios of 1:2:3. This result reveals intermembrane attraction without the generation 
of significant curvature. Overall, we find that mIFNβ-h4 and hIFNβ-h4 do not induce NGC in 
eukaryotic-like membranes. 
 
Figure 5.5 | SAXS spectra of control SUVs. Prokaryotic DOPG/DOPE = 20/80 and eukaryotic 
DOPG/DOPE/DOPC = 20/40/40 and DOPS/DOPC = 20/80 model membranes in neutral and acidic 
conditions. 
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Figure 5.4C shows SAXS spectra for prokaryotic-like membrane DOPG/DOPE = 20/80 
with mIFNβ-h4 and hIFNβ-h4 at P/L = 1/50. Upon exposure to mIFNβ-h4 at neutral pH, the lipid 
vesicles underwent a structural transition, as revealed by correlation peaks with Q-ratios 
√2: √3: √4: √6: √8: √9: √10: √12, which indexed to a Pn3m “double-diamond” cubic (QII) 
lattice, with lattice parameter 𝑎𝑎𝑃𝑃𝑃𝑃3𝑚𝑚 = 17.40 nm (Figure 5.6) and an average Gaussian curvature 
of 〈𝐾𝐾〉 = −0.022 nm−2 (see Methods for indexing procedures). In contrast, at neutral pH, hIFNβ-
h4 did not restructure the DOPG/DOPE = 20/80 vesicles, as evidenced by a broad form factor 
characteristic of isolated spherical vesicles and the absence of correlation peaks (Figure 5.4C). 
However, hIFNβ-h4 at an acidic pH resulted in two distinct sets of correlation peaks. One set of 
peaks with Q-ratios √2: √4: √6 indexed to an Im3m QII phase with a lattice parameter 𝑎𝑎𝐼𝐼𝑚𝑚3𝑚𝑚 = 
22.38 nm and 〈𝐾𝐾〉 = −0.021 nm−2. The second set of correlation peaks shows integral Q-ratios 
1:2:3 consistent with an Lα phase of periodicity 𝑑𝑑Lα = 5.25 nm, indicating intermembrane 
attraction. Pn3m and Im3m are bicontinuous cubic phases that consist of two nonintersecting 
aqueous regions separated by a lipid bilayer. The center of the bilayer traces a minimal surface 
characterized by NGC at every point. We find that mIFNβ-h4 and hIFNβ-h4 are able to induce this 
membrane-destabilizing saddle-splay curvature in model bacterial membranes but not in model 
eukaryotic membranes. This type of behavior has been broadly observed for AMPs, which 
suggests that the ability to selectively induce NGC is a general property of AMPs [116]. In fact, 
the NGCs induced by mIFNβ-h4 and hIFNβ-h4 are quantitatively of similar magnitude to those of 
typical AMPs [116]. In addition, we found that the generation of NGC by mIFNβ-h4 and hIFNβ-
h4 recapitulates the bactericidal activity of their respective IFN-β proteins. Interestingly, human 
IFN-β protein can kill S. aureus, but only at low pH [303]. This effect likely stems from its pH-
dependent charge, as the net charge of the C-terminal region increases dramatically at acidic pH. 
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Remarkably, the pH-dependent generation of NGC by hIFNβ-h4 tracks exactly with the pH-
dependent killing activity by human IFN-β against S. aureus. 
 
Figure 5.6 | Indexing of cubic phases induced by IFN-β helix 4. Measured Q-positions of the cubic peaks 
in the spectra from Figure 5.4C vs. their assigned reflections in terms of Miller indices ℎ, 𝑘𝑘, 𝑙𝑙. For a powder-
averaged cubic phase 𝑄𝑄 = (2π 𝑎𝑎⁄ )√ℎ2 + 𝑘𝑘2 + 𝑙𝑙2, where 𝑎𝑎 is the lattice parameter. 
Similar to the bacterial killing demonstrated by the whole cytokine [303], we observed 
antimicrobial activity against S. aureus with mIFNβ-h4 starting at nanomolar concentrations 
(Figure 5.4D,E). To define the MBC of mIFNβ-h4 against S. aureus, we quantified killing of S. 
aureus in response to 6.25–200 μM mIFNβ-h4 (Figure 5.4E). We found mIFNβ-h4 to exhibit an 
MBC of 12.5–25 μM, which is comparable to that of other AMPs, such as LL-37 [309]. Taken 
together, these results demonstrate that mIFNβ-h4 exhibits antimicrobial activity against S. aureus 
and are mutually consistent with our SAXS data. We found that the ability of mIFNβ-h4 to 
generate NGC was similar to natural AMPs and tracked with its bactericidal activity, which 
together suggest membrane permeation as at least one of its modes of antimicrobial activity. 
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To examine the specificity of mIFNβ-h4 in killing bacteria, we generated a mutated version 
of mIFNβ-h4 in which the charged amino acids hypothesized to be important for killing were 
substituted with neutral amino acids. We observed that this mutated peptide was no longer able to 
kill S. aureus (Figure 5.4F). Furthermore, we found mIFNβ-h4 to display antimicrobial activity 
against multiple strains of Staphylococcus bacteria (Figure 5.4G) and other Gram-positive bacteria, 
including group B Streptococcus (GBS), Listeria monocytogenes and B. subtilis (Figure 5.4H). 
However, it was significantly less effective against Gram-negative bacteria, such as Pseudomonas 
aeruginosa and Salmonella typhimurium (Figure 5.4I). 
5.3 Discussion and Conclusions 
We identified a previously unrecognized antimicrobial function of the cytokine IFN-β. We 
showed that IFN-β is able to inhibit the growth of and directly kill S. aureus. In fact, the 
antibacterial activity of IFN-β resembles that of natural AMPs in several respects, as demonstrated 
by its ability to bind and disrupt bacterial membranes. Examining this further, we found that the 
component helix 4 of IFN-β had structural and compositional properties, as well as net charge, that 
were similar to known AMPs. SAXS measurements revealed that like many AMPs, helix 4 of 
mouse and human IFN-β have the capacity to generate membrane NGC, which is the type of 
curvature required for membrane-disruption events. Together, these results suggest that the 
antimicrobial activity observed experimentally with whole IFN-β is likely attributed, at least in 
part, to its component helix 4 having AMP-like properties. The new findings presented here 
support the notion that IFN-β has complementary antimicrobial activity and offers new insights 
into the multifunctional role and evolution of IFN-β in host defense. 
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5.4 Methods 
5.4.1 IFN-β helix 4 peptides 
Peptides mIFNβ-h4 (3175.8 Da), hIFNβ-h4 (2587.1 Da), and mutant mIFNβ-h4 
(QASSTALQLASYYWAVQTYLALMKY) (2912.4 Da) were synthesized with N-terminal 
acetylation and C-terminal amidation (≥ 95% purity; LifeTein or United Biosystems). WT 
peptides were solubilized in ultrapure water. Mutant mIFNβ-h4 was solubilized in dimethyl 
sulfoxide (DMSO) due to its poor water solubility, and a portion of the WT peptide was also 
solubilized in DMSO for comparison. For the bacterial killing assays, the amount of DMSO was 
diluted to < 0.5% and was shown to have no effect on the bacterial survival in a 3-h experiment. 
5.4.2 Compositional comparison of IFN-β helices with AMPs 
We compared the amino acid compositions of mouse and human IFN-β helices with the 
compositions of known AMPs, which are a consequence of the required membrane curvature 
generation. A set of 1080 cationic AMP sequences was sourced from the AMP database [305] and 
analyzed using a procedure described previously [43, 116]. We defined the average hydrophobicity 
of a given peptide, 𝑗𝑗, as: 
 〈𝐻𝐻𝐻𝐻𝑑𝑑𝑟𝑟𝐻𝐻𝑝𝑝ℎ𝐻𝐻𝑏𝑏𝑖𝑖𝑐𝑐𝑖𝑖𝑑𝑑𝐻𝐻〉𝑗𝑗 ≡ 1𝑃𝑃 � 𝜔𝜔𝑖𝑖
𝑃𝑃
𝑖𝑖=1  (5.1) 
where 𝑃𝑃 is the number of amino acids in the peptide, and 𝜔𝜔𝑖𝑖 is the hydrophobicity of the 𝑖𝑖th amino 
acid in the peptide using the Eisenberg consensus hydrophobicity scale [304]. The minimum and 
maximum 〈𝐻𝐻𝐻𝐻𝑑𝑑𝑟𝑟𝐻𝐻𝑝𝑝ℎ𝐻𝐻𝑏𝑏𝑖𝑖𝑐𝑐𝑖𝑖𝑑𝑑𝐻𝐻〉 values within the set of AMP sequences were used to define a 
〈𝐻𝐻𝐻𝐻𝑑𝑑𝑟𝑟𝐻𝐻𝑝𝑝ℎ𝐻𝐻𝑏𝑏𝑖𝑖𝑐𝑐𝑖𝑖𝑑𝑑𝐻𝐻〉 range. This range was then divided into 100 equal bins, into which the peptides 
were partitioned. For 𝑚𝑚 peptides in a given bin, we define: 
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𝑁𝑁K𝑁𝑁K + 𝑁𝑁R ≡
∑ (number of  K)𝑗𝑗𝑚𝑚𝑗𝑗=1∑ (number of  K)𝑗𝑗𝑚𝑚𝑗𝑗=1 + ∑ (number of  R)𝑗𝑗𝑚𝑚𝑗𝑗=1  (5.2) 
where 𝑁𝑁K  (𝑁𝑁K + 𝑁𝑁R)⁄  represents the ratio of the number of lysines/total number of lysines plus 
arginines. For each bin, 𝑁𝑁K  (𝑁𝑁K + 𝑁𝑁R)⁄  versus 〈𝐻𝐻𝐻𝐻𝑑𝑑𝑟𝑟𝐻𝐻𝑝𝑝ℎ𝐻𝐻𝑏𝑏𝑖𝑖𝑐𝑐𝑖𝑖𝑑𝑑𝐻𝐻〉 was plotted using MATLAB. 
Mouse and human IFN-β helices were analyzed and plotted using the same procedure. 
To compare the hydrophobicities mouse and human IFN-β helices with those of AMPs, a 
histogram of 〈𝐻𝐻𝐻𝐻𝑑𝑑𝑟𝑟𝐻𝐻𝑝𝑝ℎ𝐻𝐻𝑏𝑏𝑖𝑖𝑐𝑐𝑖𝑖𝑑𝑑𝐻𝐻〉 values for the set of AMPs was constructed with 50 bins using 
MATLAB. The average hydrophobicities of mouse and human IFN-β helices were then 
superimposed over the AMP histogram. 
5.4.3 SAXS experiments and data analysis 
Liposomes were prepared as described in section 4.4.3 except for the following 
modifications: 
SUVs were prepared from DOPG, DOPS, DOPE, and DOPC lipids in aqueous 100 mM NaCl, 
20 mM HEPES (pH 7.4) or 100 mM NaCl, 10 mM NaOAc (pH 5). 
 
SAXS experiments and data analysis for IFN-β helix 4 peptide–membrane interactions 
were performed as described in section 4.4.3 except for the following modifications: 
All peptide–lipid samples were prepared at specified P/L ratios in 100 mM NaCl, 20 mM HEPES 
(pH 7.4) or 100 mM NaCl, 10 mM NaOAc (pH 5) and incubated at 37 °C. 
 
The average Gaussian curvature for cubic phase is defined as, 〈𝐾𝐾〉 = (2π𝜒𝜒)  �𝑎𝑎2𝑑𝑑0�⁄ ,where 
𝜒𝜒  is the Euler characteristic, and 𝑑𝑑0 is the surface area per cubic unit cell specific to each cubic 
phase. 
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5.4.4 Bacterial strains and culture 
S. aureus strains (SA113, Romero, and USA300) and S. epidermidis were grown in LB or 
Todd–Hewitt broth (THB). L. monocytogenes, P. aeruginosa, S. typhimurium, and B. subtilis were 
grown in LB. GBS was grown in THB + 0.5% yeast extract. All bacteria were grown overnight at 
37 °C with agitation, with the exception of GBS, which was cultured without agitation at 37 °C. 
Overnight bacterial cultures were subcultured and incubated until mid-log phase (OD600 = 0.4) was 
reached. Cultures were washed in sterile PBS and renormalized to an OD600 of 0.4 in culture media. 
5.4.5 Bacterial-killing assays 
For killing assays using WT or mutant mIFNβ-h4, bacteria were grown, as described 
above, and resuspended in 100 mM NaCl, 20 mM HEPES (pH 7.4) and, in some cases, 
supplemented with 1% THB. Reaction mixtures of bacteria and peptide or buffer (100 mL total 
volume) were added to sterile 1.5-mL tubes, or 200-mL reactions were added to 96-well plates. 
Bacteria and treatments were incubated at 37 °C with shaking for designated amounts of time. 
After specified incubation periods, 10-fold serial dilutions were plated on agar plates of the proper 
media type for each strain to quantify surviving CFU. 
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Chapter 6  
Viral Fusion Protein Transmembrane Domain Adopts 
β-Strand Structure to Facilitate Membrane Topological 
Changes for Virus–Cell Fusion  
6.1 Introduction 
Viral fusion proteins mediate entry of enveloped viruses into cells by merging the viral 
lipid envelope and the cell membrane. The membrane-interacting subunit of these glycoproteins 
contains two hydrophobic domains: a fusion peptide (FP) that is usually located at the N-terminus 
and a transmembrane domain (TMD) at the C-terminus [310]. Together, these domains sandwich 
a water-soluble ectodomain with a helical segment that trimerizes into a coiled coil. During virus–
cell fusion, the trimeric protein, which initially adopts a compact structure, unfolds to an extended 
intermediate that exposes the FP to the target cell membrane while keeping the TMD in the virus 
envelope. This extended conformation then folds onto itself to form a trimer of hairpins, in so 
doing pulling the cell membrane and the virus envelope into close proximity [311, 312]. 
Subsequently, the FP and TMD are hypothesized to deform the two membranes and dehydrate 
them [313], eventually causing a fusion pore and a fully merged membrane. In the post-fusion 
                                                            
This chapter is adapted with permission from Yao, H., Lee, M.W., Waring, A.J., Wong, G.C.L. & Hong, M. Viral 
fusion protein transmembrane domain adopts β-strand structure to facilitate membrane topological changes for virus–
cell fusion. Proc. Natl. Acad. Sci. U. S. A. 112, 10926–10931 (2015). Copyright © 2015 National Academy of 
Sciences. 
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state, most viral fusion proteins exhibit a six-helix bundle structure in the ectodomain due to the 
trimer of hairpins [314].  
This model of virus–cell fusion largely derives from crystal structures of fusion proteins in 
the pre- and post-fusion states, most of which, however, do not contain the FP and TMD because 
of their hydrophobic nature. Thus, the mechanism of membrane deformation and dehydration, the 
potential mutual influence of this deformation and hairpin formation, and the high-resolution 
structures of the FP and TMD in the membrane have remained elusive. It is also unknown how FP 
and TMD help to lower the free energies of membrane formation and subsequent destruction of 
fusion intermediates such as the lipid stalk, which have been observed in protein-free membrane 
fusion [315]. 
Extensive spectroscopic studies have shown that influenza, human immunodeficiency 
virus (HIV), and paramyxovirus FPs are conformationally plastic and adopt a partially inserted 
topology in the membrane to induce nonlamellar structures [316–320]. In comparison, little is 
known about the structures of the C-terminal TMD of viral fusion proteins. Cysteine-scanning and 
sedimentation equilibrium data showed that various paramyxovirus TMDs form three-helix 
bundles in lipid membranes [321, 322]. CD and Fourier-transform infrared (FT-IR) data of 
influenza HA TMD indicate an α-helical structure parallel to the membrane normal [323]. HIV 
gp41 gives broadened NMR signals for the TMD and its adjacent ectodomain residues in detergent 
micelles [324], indicating conformational exchange. Although most fusion models depict the 
TMDs as membrane-spanning α-helices, CD data of some viral and SNARE fusion protein TMDs 
reported β-strand conformation under certain conditions, and the strand structure may be correlated 
with the transition from hemifusion to fusion pore [325, 326]. Despite these results, residue-
specific structural information of viral fusion TMDs remains scarce, even though increasing 
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biochemical evidence suggests that these TMDs encode sequence-specific information for fusion. 
For example, replacing the TMDs of parainfluenza virus 5 (PIV5) and Newcastle disease virus 
fusion proteins with comparable domains of other paramyxovirus fusion proteins altered the 
ectodomain structure and reduced fusion, indicating site-specific interactions between the 
ectodomain and the TMD [327, 328]. Various studies also suggested that the TMDs may modulate 
membrane curvature. For example, replacing the HA TMD by glycosylphosphatidylinositol, 
which inserts only into the outer leaflet of lipid membranes, arrested fusion at the hemifusion stage 
[329], and the block was released when positive-curvature molecules were added to the inner 
leaflet [330]. Clearly, elucidating the role of the TMD in viral membrane fusion requires 
quantitative studies that simultaneously monitor how the TMD structure is influenced by lipids 
and how the TMD in turn impacts membranes. 
Parainfluenza viruses are the cause of infant respiratory diseases such as bronchiolitis and 
pneumonia [331]. PIV5 enters cells using an attachment protein and the fusion protein F [332], 
which shares many common features with the HIV and influenza fusion proteins [310, 314]. Thus, 
structure elucidation of the PIV5 TMD may give general insight into the mechanism of action of 
this class of viral fusion proteins. 
NMR data has shown that the PIV5 TMD changes its conformation in response to the lipid 
composition [235]. Specifically, in PC and PG membranes, the TMD is predominantly α-helical, 
but in PE membranes, the TMD changes significantly to the β-strand conformation. This finding 
suggests that negative-curvature PE lipids are the main conformational switches of the TMD. 
Results further indicated that the central segment of the TMD is mostly α-helical and the two 
termini have high β-strand propensities, the N-terminus is more disordered than the rest of the 
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peptide, and that both helical and mixed-conformation peptides can deeply insert into membranes 
[235]. 
In this chapter, we correlate the structure and dynamics of the PIV5 TMD with membrane 
structural changes. Using synchrotron SAXS, we quantitatively examine the liquid crystalline 
phases that the β-strand-rich TMD peptide induces in membranes. We find that the TMD 
transforms the PE membrane to a bicontinuous cubic phase, which is rich in the saddle-splay 
curvature that is characteristic of hemifusion intermediates and fusion pores. Taken together, these 
results suggest that the PIV5 TMD actively facilitate the topological changes necessary for 
membrane restructuring during viral fusion using the β-strand as the fusogenic conformation. 
6.2 Results 
6.2.1 The TMD induces NGC in PE membranes 
To determine the membrane structure upon peptide binding, we measured the SAXS 
spectra of TMD-bound DOPE (Figure 6.1). Two sets of correlation peaks were observed. The first 
set has Q-ratios of √6: √8: √20: √22: √50: √54, which indexes to an Ia3d gyroid phase [333] 
with a lattice parameter 𝑎𝑎 of 12.0 nm. The second set shows Q-ratios of 
√1: √3: √4: √7: √9: √12: √13, which indexes to an inverted hexagonal phase (HII) with 𝑎𝑎 = 
5.8 nm. As a bicontinuous cubic phase (QII), Ia3d has two nonintersecting water channels 
separated by a lipid bilayer [6]. The center of this bilayer traces a minimal surface whose principal 
curvatures, 𝑐𝑐1 and 𝑐𝑐2, are equal and opposite in sign at every point, so that this minimal surface 
has zero mean curvature and negative Gaussian curvature, 𝐾𝐾 =  𝑐𝑐1 ⋅ 𝑐𝑐2 < 0, (NGC). NGC of 
bilayer membranes has also been observed in the scission necks of budding vesicles and fusion 
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pores. For a bicontinuous cubic phase, the average NGC, 〈𝐾𝐾〉, is a quantitative measure of the 
amount of NGC induced in the membrane and depends on the lattice parameter as 〈𝐾𝐾〉 =
(2π𝜒𝜒)  �𝑑𝑑0𝑎𝑎2�⁄ , where the Euler characteristic 𝜒𝜒  and the surface area per unit cell 𝑑𝑑0 are constants 
of the phase [6, 334]. For 𝑎𝑎 = 12.0 nm, the average NGC is 〈𝐾𝐾〉 = −0.112 nm−2. 
 
Figure 6.1 | The TMD generates NGC in the DOPE membrane. (A) SAXS spectrum of TMD-bound 
DOPE. An Ia3d QII phase (red) coexists with an HII phase (green). Inset provides an expanded view of the 
higher order reflections. (B) Measured Q-positions versus assigned reflections in terms of Miller indices ℎ, 𝑘𝑘, 𝑙𝑙. 𝑄𝑄measured is plotted against √ℎ2 + 𝑘𝑘2 + 𝑙𝑙2 for the QII phase and √ℎ2 + ℎ𝑘𝑘 + 𝑘𝑘2 for the HII phase. 
(C) A catenoid surface with a 6-nm diameter (𝑟𝑟 = 3 nm) has 𝐾𝐾 = −0.111 nm−2 at its narrowest cross-
section. A hemifusion stalk or fusion pore will have a neck that conforms to the catenoid. Arrows indicate 
directions of negative and positive principal curvatures. 
6.3 Discussion and Conclusions 
Our findings suggest that the PIV5 TMD causes significant membrane curvature, 
especially to PE membranes, and the β-strand conformation correlates with this curvature 
generation. SAXS measurements show that the PIV5 TMD generates NGC, the type of curvature 
that is geometrically necessary for topological changes during membrane remodeling in biological 
processes such as viral budding and membrane scission [116, 185]. NGC generation is often 
facilitated by negative-curvature lipids such as PE [8, 44, 335], which commonly enhance 
fusogenicity [336]. Our measured 〈𝐾𝐾〉 can be visualized using a catenoid surface, which is an 
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approximation of a scission neck or a fusion pore [43, 65]. The Gaussian curvature of a minimal 
catenoid surface with a neck radius of 𝑟𝑟 along its 𝑧𝑧 axis is 𝐾𝐾(𝑧𝑧) = − �sech4(𝑧𝑧  𝑟𝑟⁄ )�  𝑟𝑟2⁄ . The 〈𝐾𝐾〉 
value of −0.112 nm−2 for the TMD-induced Ia3d phase corresponds to a catenoid hemifusion stalk 
with a ~6 nm width at the narrowest cross-section (Figure 6.1C), which is ~30-fold smaller than 
the PIV5 virus diameter of 150–200 nm [337]. Adding the bilayer thickness, this neck diameter 
translates to a hemifusion-stalk waist of ~10 nm, which is in excellent agreement with the 
estimated waist of ~9 nm for a pure-DOPE stalk [338]. This suggests that the TMD works with 
the natural structural tendencies of PE to stabilize the fusion intermediate. Although proteins 
clearly play a key role in fusion, membrane merger can also be strongly influenced by the 
constituent lipids. The tendency of the leaflets to bend in specific directions dictates the energy of 
a fusion intermediate such as a hemifusion stalk. Our data suggest that PE-rich regions of the viral 
membrane are especially susceptible to TMD-induced bending and thus may play a central role in 
the fusion process. 
Which structural features of the TMD are responsible for imparting the NGC to PE 
membranes? NMR data indicate that the two termini of the peptide have high β-strand propensities, 
whereas the center is more helical [235], suggesting that this strand–helix–strand motif may endow 
the TMD with the ability to perturb the two membrane leaflets differently to generate NGC. The 
26-residue peptide is sufficient to span the membrane: as a pure α-helix, it would be ~39 Å long, 
and the β-strand residues further increase the peptide length, making it possible for the TMD to 
tilt, bend, and acquire local disorder while still spanning the membrane. This strand–helix–strand 
conformation may be particularly effective in generating membrane curvature, because β-strands 
are inherently anisotropic and can have different surface normal orientations (Figure 6.2). Such 
orientational differences, together with the higher N-terminal disorder, may impact lipid packing 
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near the hydrophilic surfaces of the two leaflets differently, thus creating the orthogonal curvatures 
necessary for NGC. Previous work has shown that structural perturbations near the hydrophobic–
hydrophilic interface of the membrane have particularly large effects on lipid packing, membrane 
curvature, and phase behavior [339]. We hypothesize that the NGC induced in PE membranes may 
play an important role in stabilizing the necessary curvature of the hemifusion stalks in the outer 
leaflets, which have more complex lipid compositions [340]. In addition to promoting NGC, a β-
strand-rich conformation may also facilitate fusion by forming trimeric sheets and clustering 
multiple trimers at the fusion site. NMR and FT-IR data suggest that the β-strands are oligomerized 
into β-sheets arranged in a parallel arrangement [235, 341], which therefore indicates, in principle, 
that the strand–helix–strand peptide can pack in a parallel fashion. Figure 6.2 shows the proposed 
structural model of the TMD in PE membranes, taking into account the measured peptide 
conformation and topology, the inferred oligomeric packing, and the observed membrane 
curvature. The energetic cost of burying in the membrane disordered residues between the strands 
and helix may be offset by the oligomerization of the peptide, the natural conformational tendency 
of the two Gly residues in the potential helix–strand transition region, membrane thinning, and 
other defects. 
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Figure 6.2 | Structural model of the TMD in PE-rich membranes. The TMD adopts a transmembrane 
strand–helix–strand conformation, which imparts different curvatures to the two leaflets of the membrane. 
The β-strand segments are immobilized by oligomerization. In these PE-rich membranes, previous data 
showed that the FP (green) is also rich in β-strand conformation. 
Although the lipid composition has an enormous impact on the TMD conformation, the 
amino acid sequence of the TMD also encodes an inherent preference for β-strands. Out of 26 
residues, the PIV5 TMD contains 10 β-branched residues Val and Ile, which are known to 
destabilize α-helices. High Val and Ile contents in synthetic LV peptides and other viral TMDs 
have been shown to cause higher fusogenicity, possibly by increasing conformational flexibility 
and reducing the α-helical content [321, 322, 342, 343]. Indeed, β-branched residues constitute 
30–75% of the TMD sequences of 10 paramyxoviruses and HIV, suggesting that transition to the 
β-strand conformation in PE-rich membranes may be general for this class of fusion proteins. 
Although both the FP and TMD of PIV5 exhibit lipid-induced conformational changes, 
and both peptides adopt β-strand-rich structures in PE membranes, subtle structural features differ. 
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The TMD is mostly α-helical in both neutral and anionic membranes, and PE is the main trigger 
for the switch to the β-strand conformation. In comparison, the FP is entirely β-strand in PC and 
PE membranes and converts to the helical conformation by anionic lipids [320, 344]. The distinct 
lipid dependences of FP and TMD structures may enable the intact protein to adapt to different 
lipid environments of the virus envelope and cell membrane [340]. In PE and other membranes 
with negative intrinsic curvature, the N-terminus of the FP has the highest β-strand propensity 
[320], whereas the C-terminus of the TMD forms the most-ordered β-strand. Thus, if the FP and 
TMD reside in the same region that is rich in PE, their β-strands may associate. This state may 
occur at the end of the ectodomain hairpin formation, when the membrane transitions from the 
hemifusion state to the fusion pore. Future experiments measuring the quaternary structure of the 
FP and TMD will be important to elucidate the structural basis for the hemifusion-to-fusion-pore 
transition. Taken together, the present data suggest a viral fusion model that departs significantly 
from the helix-centric models so far, by showing that the TMD of this viral fusion protein uses the 
β-strand conformation to achieve the necessary curvature for membrane fusion. 
6.4 Methods 
6.4.1 Peptide synthesis 
The TMD of PIV5 F spans residues 485–510 of the protein 
(VLSIIAIALGSLGLILIILLSVVVWK). The peptide was synthesized on a NovaPEG Rink 
Amide resin (Novabiochem) using a Symphony Multiple Peptide synthesizer (Protein 
Technologies) and was purified to > 95% by preparative high-performance liquid chromatography 
(HPLC). The peptide mass was confirmed by matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry. 
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6.4.2 Preparation of membrane-bound TMD 
The peptide and DOPE lipid were codissolved in tetrafluoroethylene (TFE)/chloroform 
solution. The solvents were removed by N2, then the sample was lyophilized overnight and 
resuspended in pH 7.5 phosphate buffer HEPES buffer (5 mM HEPES–NaOH, 1 mM NaN3, 1 mM 
ethylenediaminetetraacetic acid (EDTA)) and dialyzed for a day. The proteoliposomes were spun 
at 55,000 rpm for 4 h at 4 °C to obtain a membrane pellet, which was equilibrated to ~30 wt% 
water. 
6.4.3 SAXS experiments and data analysis 
DOPE-bound TMD (~30 wt% hydration) was hermetically sealed into a quartz capillary 
(Hilgenberg GmbH, Mark-tubes) for SAXS experiments at the Stanford Synchrotron Radiation 
Lightsource (SSRL, BL 4–2) using monochromatic X-rays with an energy of 9 keV. Scattered 
radiation was collected using a Rayonix MX255-HE detector with a pixel size of 73.2 μm. At the 
incident beam intensities and exposure times used, no radiation damage to the samples was 
observed. 2D SAXS powder patterns were integrated with the Nika 1.50 [192] package for Igor 
Pro 6.31 and FIT2D [193]. 
The SAXS spectra plot the integrated scattering intensity I(Q) versus Q. The measured 
peak positions, 𝑄𝑄measured, were tabulated and their ratios compared with the ratios of the permitted 
reflections for different crystal phases to identify the phases present in the membrane. Once the 
crystal phase was determined, its lattice parameter was calculated from the slope of the linear 
regression through the points corresponding to the peaks. Each point was defined by the 
coordinates of 𝑄𝑄measured and the assigned reflection in terms of Miller indices, ℎ, 𝑘𝑘, 𝑙𝑙. For a 
powder-averaged cubic phase, 𝑄𝑄 = (2π 𝑎𝑎⁄ )√ℎ2 + 𝑘𝑘2 + 𝑙𝑙2, and for a hexagonal phase, 𝑄𝑄 =
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�4π �𝑎𝑎√3�� � √ℎ2 + ℎ𝑘𝑘 + 𝑘𝑘2, where 𝑎𝑎 is the lattice parameter. We took the linear regressions of 
𝑄𝑄measured versus √ℎ2 + 𝑘𝑘2 + 𝑙𝑙2 for the cubic phase and 𝑄𝑄measured versus √ℎ2 + ℎ𝑘𝑘 + 𝑘𝑘2 for the 
inverted hexagonal phase, which had respective slopes of 2π 𝑎𝑎⁄  and 4π �𝑎𝑎√3��  that were used to 
calculate 𝑎𝑎. 
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Chapter 7  
Calcium-Mediated Interactions between Sperm Protein 
IZUMO1 and Membranes Generate Curvature for Efficient 
Membrane Fusion During Fertilization 
7.1 Introduction 
Membrane fusion is a fundamental cellular phenomenon and occurs in a variety of 
biological processes, including intracellular trafficking, neurotransmitter secretion, mitochondrial 
fusion, tissue development and remodeling, immune response, enveloped viral entry, and 
fertilization, all of which involve a variety of proteins and different membranes. In the event of 
membrane fusion, two initially separate and apposed lipid bilayers merge into one by undergoing 
a sequence of transformations that results in the mixing of their lipids and changing the 
compartmentalization of molecules. This membrane rearrangement process is generally believed 
to proceed through a hemifusion intermediate, which results from the merger of only the outer 
monolayers while the inner monolayers, and aqueous compartments, remain distinct [315, 345]. 
This hemifusion intermediate is said to be stalk-like in structure and is often referred to as the 
fusion stalk [60]. Stalk evolution then leads to the eventual mixing of the inner monolayers, which 
results in the formation of a fusion pore that connects the aqueous volumes initially separated by 
the membranes, completing the membrane fusion process. Membrane-fusion processes have been 
extensively studied, and despite the diversity among the proteins involved, fusion events generally 
engage several key principles. Membrane fusion requires proteins that promote membrane–
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membrane proximity, locally destabilize lipid bilayers through membrane curvature induction, and 
influence the membrane composition and properties, all of which prime a membrane for fusion by 
lowering the energetic barriers [46, 60, 345]. However, these activities do not necessarily have to 
accomplished by different proteins. 
During mammalian fertilization, a sperm fuses with the egg plasma membrane to create a 
zygote. Despite its central importance in sexual reproduction, the molecular mechanisms of 
sperm–egg membrane fusion remains poorly understood. However, a clearer picture is now 
emerging with the recent discoveries of IZUMO1 and JUNO, essential proteins for gamete fusion 
and fertilization. IZUMO1 is a type I membrane protein found on the sperm that features two main 
extracellular domains — a four-helix bundle at the N-terminus and an immunoglobulin-like (Ig-
like) domain near the C-terminus [346]. The subsequent discovery of JUNO, a folate receptor, as 
the egg binding partner of IZUMO1 led to the finding that their complex is responsible for sperm–
egg adhesion [347]. JUNO is a glycophosphatidylinositol (GPI)-anchored, cysteine-rich 
glycoprotein on the egg surface that has a structure composed of 9 α-helices, 6 short β-strands 
[348] and binds to the N-terminal region of IZUMO1. When normally non-fusing HEK293 cells, 
induced to express either IZUMO1 or JUNO, were mixed, no evidence of fusion was observed 
[347]. Similarly, JUNO-expressing HEK293T cells bound but did not fuse to IZUMO1-expressing 
sperm [349]. The same was observed for eggs exposed to IZUMO1-expressing Cos-7 cells [350]. 
From these results, the IZUMO1–JUNO interaction has since been viewed to function in the 
essential adhesion step, but not in membrane fusion. However, many questions remain. It is still 
unclear if only IZUMO1 and JUNO are required for sperm–egg fusion, or if other proteins are 
involved. While the interaction between IZUMO1 and JUNO in gamete recognition and adhesion 
has been structurally characterized, the transition from the initial binding step to membrane fusion 
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is not understood and whether IZUMO1 has a more direct role in promoting fusion is yet to be 
established. An improved understanding of the key players and details of their functional roles in 
fertilization can help explain other cell–cell fusion events and potentially lead to new strategies in 
the design of contraceptives and infertility treatments. 
Ca2+ has been shown to be required in many biological membrane fusion events [285, 351]. 
Ca2+ is proposed to mediate fusion reactions a variety of ways, such as by interacting with lipids, 
inducing conformational changes in proteins, activating enzymes, initiating a cascade of reactions 
that lead to fusion [351, 352]. In relation to mammalian fertilization, it is interesting to note that 
sperm–egg fusion, like other somatic cell fusion events, require extracellular Ca2+ [353–356]. In 
fact, without Ca2+, sperm and eggs could bind but not fuse. However, upon transfer to media with 
Ca2+, sperm could penetrate (fuse) with eggs, which suggests that the lack of Ca2+ inhibits the 
sperm–egg fusion process. More interestingly, the Ca2+ concentration in oviduct fluid is highly 
regulated and has been found to maximize at estrus and ovulation to ~1.5–4.6 mM [357–359], 
which falls exactly in the concentration range (0.25–10 mM) needed for effective in vitro 
fertilization [353–355]. 
Furthermore, it is well-recognized that regulated membrane fusion and membrane 
fusogenicity, in general, is highly dependent on the properties related to lipid composition [360, 
361]. For example, specific lipids that supply critical negative intrinsic curvature are an essential 
component of Ca2+-triggered membrane, such as PE fusion [336, 360, 362]. It is compelling to see 
PE at higher levels on average in the membranes of gamete cells compared to those of somatic 
cells [2, 363–373], including HEK293T cells [374]. Correspondingly, infertile human sperm have 
been found to have significantly lower PE content than healthy sperm [375]. Moreover, liposomes 
composed of lipids isolated from sperm membranes have been shown to undergo fusion [364], and 
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sperm are also able to fuse with liposomes having specific compositions [376]. Together, these 
observations point to the important role of lipid composition in gamete fusion. As a matter of fact, 
the unique compositions of gamete membranes may be a potential reason why no fusion was 
observed between HEK293 and Cos-7 cells expressing IZUMO1 and JUNO. 
Because unraveling the molecular mechanisms of membrane fusion requires 
characterization of protein–membrane interactions, the complexities and variables of cell-based 
assays can often lead to results that are difficult to interpret. Therefore, the use of other 
experimental techniques, such as model membrane systems with fewer components, can allow for 
the isolated examination of direct protein–membrane effects and elucidation of lipid properties 
that influence the propensity of membranes to fusion. For this reason, liposomes are often utilized 
as simple models of biological membranes to provide a convenient, yet powerful, system to 
explore the role of membrane components in such a complex process as membrane fusion. 
Furthermore, using this approach, we can account for the physiologically relevant levels of Ca2+ 
and membrane lipid compositions. 
In this chapter, we evaluate the ability of IZUMO1, in the presence of physiological levels 
of Ca2+, to directly facilitate membrane fusion. We use fluorescence resonance energy transfer 
(FRET)-based lipid mixing assays, tryptophan fluorescence, and synchrotron SAXS to investigate 
the interactions between IZUMO1 and membranes using an in vitro model membrane system. We 
show that the presence of Ca2+ enables IZUMO1 to bind to and embed into membranes, and induce 
bicontinuous cubic phases rich in NGC, the type of curvature that is topologically required for 
membrane fusion, to result in lipid mixing that leads to efficient membrane fusion. We propose 
that IZUMO1 plays a crucial role in the membrane fusion process of fertilization as a fusogenic 
protein. Our results suggest that Ca2+ is essential and assists IZUMO1 in direct interactions with 
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lipid membranes to drive the membrane restructuring necessary for efficient membrane fusion. 
Our observations further identify the Ig-like domain of IZUMO1 to be a putative membrane-active 
region that may have a primary role in inducing curvature. Interestingly, the quantities of observed 
NGC in the cubic phases induced by both the ectodomain and Ig-like domain of IZUMO1 are 
approximately the amount distributed on a fusion pore of the size previously found for sperm–egg 
fusion. Taken together, these findings point to a multifunctional role of IZUMO1 in the 
fertilization process, by participating in both the membrane-tethering step and the subsequent lipid 
mixing of the membranes that results in their fusion, and expands upon our understanding of 
proteins involved in cell–cell membrane fusion. 
7.2 Results and Discussion 
7.2.1 IZUMO1 in the presence of Ca2+ induces lipid mixing to promote full fusion 
events 
To explore whether IZUMO1 is able to directly facilitate fusion between membranes, we 
utilized a well-established lipid mixing fusion assay [377]. This method has been used extensively 
to study and demonstrate membrane fusion induced by SNARE proteins [378–389] and viral 
fusion proteins [390–393]. In this assay, two separate populations of SUVs were prepared, one of 
which was labeled with FRET probes, nitro-2-1,3-benzoxadiazol-4-yl (NBD) as donor and Rh as 
acceptor, and the other remained unlabeled. Using model membrane systems, we employed a PE-
rich composition that also contained PS, the primary zwitterionic lipid found in eukaryotes [2]. 
For the labeled vesicles, lipids tagged with FRET probes, 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PE) (excitation: 460 nm, 
emission: 535 nm) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine 
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B sulfonyl) (Rh-PE) (excitation: 560 nm, emission: 583 nm) were mixed with untagged lipids, 
DOPS and DOPE, in a molar ratio of DOPS/DOPE/NBD-PE/Rh-PE = 20/78/1/1. The unlabeled 
vesicles were composed of DOPS/DOPE = 20/80. When two lipid vesicles undergo membrane 
fusion, mixing of their respective lipids occurs. Accordingly, when a labeled vesicle fuses with an 
unlabeled vesicle, the lipid mixing causes the FRET probes to become diluted within the resulting 
combined membrane, which leads to a marked decrease in energy transfer between the donor and 
acceptor (Figure 7.1A). Thus, the amount of lipid mixing can be monitored by the increase in 
fluorescence of the donor, NBD. 
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Figure 7.1 | Total and inner leaflet lipid mixing for IZ-Ec. (A) Total lipid mixing that occurs during 
fusion between a labeled and unlabeled vesicle can be monitored by the increase in NBD signal that results 
from the dilution of probes in the resulting membrane. (B) Total lipid mixing measurements for Ca2+ alone, 
and IZ-Ec in the absence and presence of Ca2+. Normalized fluorescence (as a percentage of the maximum 
fluorescence intensity (MFI)) is plotted versus time. (C) Inner leaflet lipid mixing is evaluated by using 
dithionite-treated labeled vesicles. NBD in the outer leaflet is quenched by the dithionite, while NBD in the 
inner leaflet is largely unaffected. An observed increase in NBD fluorescence in the assay then represents 
lipid mixing specific to the inner leaflet. (D) Comparison between untreated (− dithionite) and dithionite-
treated (+ dithionite) labeled vesicles. The quenching of NBD by dithionite was measured as a ~50% 
reduction in NBD fluorescence (left). Fluorescence spectral scan (excitation at 460 nm) indicates a decrease 
in FRET between NBD and rhodamine after dithionite treatment (right). (E) Inner leaflet lipid mixing assay 
for Ca2+ alone, and IZ-Ec in the absence and presence of Ca2+, depicted as normalized fluorescence over 
time. 
We incubated a mixture of labeled and unlabeled vesicles with the ectodomain of IZUMO1 
(IZ-Ec) at a protein-to-lipid (P/L) ratio of 1/500 in the absence and presence of 2.5 mM Ca2+. We 
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observed that IZ-Ec alone and 2.5 mM Ca2+ alone both induced lipid mixing, but at lower levels 
than when IZ-Ec was combined with 2.5 mM Ca2+ (Figure 7.1B), suggesting that IZ-Ec in the 
presence of Ca2+ yields increased lipid mixing activity. However, to determine whether the IZ-Ec 
can stimulate full fusion is more involved. The pathway to fusion typically first involves the mixing 
of lipids in the outer membrane leaflet (hemifusion), followed by the mixing of the inner membrane 
leaflet lipids to achieve full fusion. Being defined as the merger of both the inner and outer 
membrane leaflets, full fusion therefore requires that the lipids in both the inner and outer 
membrane leaflets undergo mixing. As our initial experiment measured total lipid mixing, to 
differentiate the effects of IZ-Ec on full fusion events, we then specifically monitored inner leaflet 
lipid mixing. This was accomplished using sodium dithionite, a reducing agent that irreversibly 
quenches the fluorescence of NBD. Because dithionite is membrane-impermeable, it selectively 
quenches the NBD on the outer leaflet, leaving the NBD in the inner leaflet intact and active 
(Figure 7.1C,D). Therefore, fluorescence increases measured in a lipid mixing assay using 
dithionite-treated labeled vesicles would be attributed to inner leaflet lipid mixing, and 
accordingly, full fusion [378, 386–388, 394]. As with the total lipid mixing, we similarly observed 
higher levels of inner leaflet lipid mixing for IZ-Ec with 2.5 mM Ca2+ than for IZ-Ec alone and 
2.5 mM Ca2+ alone (Figure 7.1E). 
We compared the total and inner leaflet lipid mixing efficiencies of each condition to assess 
their effectiveness in promoting fusion. Generally, a lower inner leaflet lipid mixing efficiency 
indicates that some of the total lipid mixing signal is due to hemifusion [386]. For both IZ-Ec alone 
and 2.5 mM Ca2+ alone, we observed a considerable variation in lipid mixing activity between 
experimental replicates that indicated a range from hemifusion up to full fusion (data not shown). 
In contrast, with IZ-Ec is combined with 2.5 mM Ca2+, we see significantly higher levels of lipid 
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mixing, and with similar total and inner leaflet lipid mixing efficiencies that consistently attributes 
the vast majority of the lipid mixing to full fusion events. Thus, the lipid mixing assays 
demonstrated that IZ-Ec alone and 2.5 mM Ca2+ possess latent levels of membrane activity that 
are able to induce lipid mixing, but are not necessarily sufficient for efficient full fusion. Whereas, 
the fusion activity of IZ-Ec is enhanced in the presence 2.5 mM Ca2+ to guarantee full fusion, such 
that both inner and outer membrane leaflets mix. 
7.2.2 Ca2+ enhances interactions between IZUMO1 and membranes 
While previous studies have shown that Ca2+ can promote vesicle aggregation, hemifusion, 
and fusion, depending on lipid composition and solvent conditions [351, 361, 362, 395–397], we 
found that the degree of both total and inner leaflet lipid mixing induced by IZ-Ec in the presence 
of 2.5 mM Ca2+ were higher than that by 2.5 mM Ca2+ alone. To elucidate how Ca2+ could assist 
IZ-Ec in inducing membrane fusion, we first examined the effects of Ca2+ on IZ-Ec–membrane 
interactions. 
Tryptophan (Trp) fluorescence is a frequently used tool to probe the interactions between 
proteins and membranes to characterize the nature of protein–lipid complexes [398–404]. The 
observed wavelength of maximum fluorescence emission (λmax) of Trp is highly sensitive to the 
local environment, and can range from about 308 to 355 nm [405]. In hydrophobic environments, 
Trp fluorescence generally shifts to shorter wavelengths (blue shift) and can also exhibit an 
increased quantum yield. In fact, the degree of blue shift has been correlated with the depth of Trp 
insertion into a membrane [406]. Therefore, protein–lipid interactions can be monitored through 
changes in the intrinsic Trp fluorescence of the protein upon interaction with a membrane. 
Fluorescence emission spectra of IZ-Ec were monitored from 306 to 450 nm in the presence of: 
buffer only, 2.5 mM Ca2+, vesicles, or 2.5 mM Ca2+ plus vesicles. Vesicles were composed of 
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DOPS/DOPE = 20/80. As depicted in Figure 7.2, there was no noticeable change in λmax of IZ-Ec 
when it was exposed to 2.5 mM Ca2+, which implies that the addition of Ca2+ did not induce 
significant conformational changes to the protein. In the presence of vesicles, we observed a small 
blue shift in λmax, suggesting some level of protein–lipid binding. Interestingly, and most notably, 
when IZ-Ec was in the presence of both 2.5 mM Ca2+ and vesicles, we observed a pronounced blue 
shift in λmax and increased quantum yield. This result is indicative of the Trp residues being in a 
more hydrophobic environment and Ca2+ mediating the effective binding and insertion of IZ-Ec 
into membranes. This finding is particularly striking, because previous work on fusion proteins 
has demonstrated that the immersion depth is an important determinant of membrane fusion [60]. 
Without Ca2+, IZ-Ec interacts with the membrane surface, but remains predominantly exposed to 
the aqueous buffer environment. The effects of Ca2+ and vesicles on the λmax of IZ-Ec are tabulated 
in Table 7.1. 
 
Figure 7.2 | Fluorescence emission spectra for IZ-Ec . IZ-Ec was incubated with either buffer only (open 
red circles), vesicles (open green diamonds), 2.5 mM Ca2+ (blue triangles), or both 2.5 mM Ca2+ plus 
vesicles (magenta squares). Samples containing vesicles were prepared at P/L = 1/1000. 
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In addition, the differences in fluorescence intensity between the tested conditions can be 
attributed to a couple of factors. The reduced quantum yield for IZ-Ec mixed with vesicles could 
result from protein conformational changes that are likely to occur upon adsorption onto the 
membrane surface. In this interfacial state, the protein may lack the specific tertiary contacts that 
would be present in either the water-soluble state or the final membrane-inserted state [404, 407]. 
This can increase exposure of its Trp residues, and thus, allow greater quenching of the 
fluorescence by the aqueous solvent. On the contrary, an increased quantum yield was observed 
for IZ-Ec in the presence of 2.5 mM Ca2+, which suggests that Ca2+ binds to the protein and 
restricts accessibility of the Trp residues to external quenching, possibly via conformational 
changes [408, 409]. Taken together, these results are consistent with our lipid mixing finding that 
IZ-Ec alone does not tend to result in full fusion events, and that Ca2+ is necessary for IZ-Ec to 
maximize and achieve efficient complete membrane fusion. 
Maximal Trp emission wavelength (λmax) of IZ-Ec 
Buffer only 2.5 mM Ca2+ SUVs 2.5 mM Ca
2+ + 
SUVs 
335.7 ± 0.1 335.0 ± 0.7 334.4 ± 0.1 331.6 ± 0.1 
Table 7.1 | The maximal Trp emission wavelength (in nm) of IZ-Ec for each condition. SUVs are 
composed of DOPS/DOPE = 20/80. 
7.2.3 IZUMO1 mediated by Ca2+ generates NGC necessary for membrane fusion 
The Trp fluorescence measurements showed that Ca2+ can enhance the membrane 
interactions of IZ-Ec to result in the insertion of the protein into the lipid bilayer. To further 
elucidate how Ca2+ could facilitate membrane fusion by IZ-Ec, we used high-resolution 
synchrotron SAXS to quantitatively measure their induced curvature deformations and relate the 
types of membrane curvature to their known abilities to promote fusion. SUVs composed of 
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DOPS/DOPE = 20/80 were incubated with 2.5 mM Ca2+, 5 mM Ca2+, IZ-Ec, and IZ-Ec plus 2.5 
Ca2+, with protein samples prepared at P/L = 1/500, and the resulting membrane structures were 
characterized using SAXS. 
SAXS profiles from control vesicle solutions exhibited a broad characteristic feature 
consistent with the form factor of unilamellar vesicles. For SUVs incubated with each of the two 
concentrations of Ca2+, we identified a set of peaks with Q-ratios of 
√1: √3: √4: √7: √9: √12: √13, which correspond to an inverted hexagonal phase (HII) (Figure 
7.3). The lattice parameters of the HII phases induced by 2.5 mM and 5 mM Ca2+ were found to be 
7.50 nm and 7.37 nm, respectively. An HII is described as an organization of cylindrical water-
core structures, of which the formation has been shown to be associated primarily with membrane 
destabilization and lipid mixing that does not lead to full fusion [410, 411]. Because of this, it is 
suggested that the transition to an HII phase can enhance the kinetics of membrane destabilization, 
however, other factors are required in order to achieve full fusion [410, 411]. Based on these 
previous findings, the HII would be generally characteristic of a hemifusion state. Indeed, cyro-
transmission electron microscopy evidence has indicated that the transition from a bilayer to an 
HII phase occurs via a mechanism involving stalks, which in fact represent hemifusion 
intermediates [412]. However, interestingly, studies have found that negative membrane curvature 
is specifically required in order to form the stalk intermediates necessary for fusion [360], which 
is precisely the type of curvature found in HII phases [413]. Furthermore, our SAXS measurements 
show that an increase in Ca2+ concentration results in a smaller lattice parameter, which 
corresponds to an increased magnitude of negative (mean) curvature, − 1  (2𝑅𝑅)⁄  (where𝑅𝑅 ≈ 
0.5𝑎𝑎H), since the two properties are inversely related [6, 413, 414]. From these findings, we 
discover that Ca2+ generates negative mean curvature in membranes in the form of HII phases. 
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While this type of curvature causes a membrane to become more amenable to fusion and can lead 
to hemifusion states, it alone is not sufficient to reach full fusion, which is in agreement with our 
lipid mixing results. 
 
Figure 7.3 | Ca2+ generates negative curvature. SAXS spectra of SUVs incubated with either 2.5 mM or 
5 mM Ca2+ generate negative mean curvature in the form of inverted hexagonal (HII) phases. A higher 
concentration of Ca2+ results in a smaller lattice parameter, which corresponds to an increased magnitude 
of negative curvature. 
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We found that IZ-Ec alone does not restructure lipid vesicles. The SAXS profile for the 
membrane exhibited a broad feature consistent with the form factor of unilamellar vesicles and 
closely resembled the spectra observed for the control SUVs (Figure 7.4). However, when IZ-Ec 
was combined with 2.5 mM Ca2+, we identified two sets of peaks: (1) one set with Q-ratios of 
√2: √3: √4: √6: √8: √9: √10: √11: √12: √17 and a (2) second set with Q-ratios of 
√2: √4: √6: √12: √14: √18: √22: √24, which index to a coexistence of Pn3m “double-
diamond” and Im3m “plumber’s nightmare” cubic (QII) phases, respectively. Their corresponding 
lattice parameters were 16.90 nm for Pn3m and 21.62 nm for Im3m. The ratio of these lattice 
parameters was found to be close to the Bonnet ratio of 1.279 [6], indicating that they are near 
equilibrium with the amount of membrane curvature is balanced across the two cubic phases. A 
bicontinuous cubic phase, such as the Pn3m and Im3m, is characterized by two nonintersecting 
aqueous regions separated by a lipid bilayer [6]. The center of this bilayer traces out a periodic 
minimal surface with principal curvatures, 𝑐𝑐1 and 𝑐𝑐2, that are equal and opposite in sign at every 
point, such that the surface has zero mean curvature and NGC. This type of curvature is also called 
saddle-splay curvature, as the surface bends upward in one direction and bends downward in the 
orthogonal direction, and is topologically required for membrane scission [43] and fusion [235]. 
NGC was not observed when vesicles were exposed to either Ca2+ alone or IZ-Ec alone. 
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Figure 7.4 | IZ-Ec in the presence of Ca2+ induces cubic phases rich in NGC. (A) SAXS spectra show 
that IZ-Ec alone (blue trace) does not restructure membranes, but in the presence of Ca2+, generatesNGC 
in the form of cubic phases (red trace). Inset depicts the indexing of the coexisting Pn3m and Im3m cubic 
phases. Their respective lattice parameters are provided in the legend. (B) Illustrations depicting the 
minimal surfaces of the Pn3m (left) and Im3m (right) cubic phases. 
We hypothesize that the membrane curvatures generated by IZ-Ec and Ca2+ synergistically 
combine to result in NGC. From our SAXS results, we found that IZ-Ec alone does not restructure 
vesicles. However, this observation does not necessarily imply that the protein does not generate 
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curvature. As our the Trp fluorescence measurements indicated interactions between IZ-Ec and 
the lipid membranes, it is reasonable to assume that the adsorption of IZ-Ec to the membrane 
surface is not structurally disruptive, and instead, conforms to and potentially stabilizes the 
inherent spherical shape and positive mean curvature of the vesicles. Considering that even 
shallow insertions and crowding of proteins have the capacity to bend membranes and create 
protrusions [94, 95], it is likely that IZ-Ec alone can induce positive mean curvature on the 
membrane that allows the vesicles to maintain their structures. Moreover, the formation of 
protrusions on the membrane has been associated with a pre-fusion state [379], which is consistent 
with the activity of IZ-Ec observed in our lipid mixing assays. 
However, what happens in the presence of Ca2+ is most interesting. Ca2+ enables IZ-Ec to 
partition deeper into the membrane, which amplifies the generation of positive mean curvature via 
the hydrophobic insertion mechanism [60, 415]. As NGC results from orthogonal positive and 
negative curvatures [6, 60], the IZ-Ec-induced positive mean curvature coordinated with the 
negative mean curvature generated by Ca2+ can lead to efficient creation of NGC. Taken together, 
our experimental data suggests that IZ-Ec cooperates with Ca2+ to generate the membrane 
curvature that is required for membrane fusion to occur. Ca2+ not only mediates membrane binding 
and insertion of IZ-Ec, but also tailors the membrane to being more conducive to fusion. 
7.2.4 The Ig-like domain of IZUMO1 is a putative membrane-active region 
IZUMO1 contains an extracellular immunoglobulin (Ig)-like domain [346] that has been 
implicated to have a role in the membrane fusion activity of the protein. Several groups were 
successfully inhibited sperm–egg fertilization using anti-Ig antibodies against IZUMO1 [416, 
417]. Interestingly, other proteins containing Ig-like domains are involved in cell–cell fusion 
events, such as macrophage fusion receptor (MFR), dendritic cell-specific transmembrane protein 
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(DC-STAMP), CD44, leukocyte surface antigen (CD47), fibroblast growth factor receptor-like 1 
(FGFRL1). While members of the immunoglobulin superfamily (IgSF) share the Ig fold, which is 
a sandwich of two β-sheets (comprised of 7–10 antiparallel β-strands) that are stabilized by a 
disulfide bond, but have wide range of biological functions, one of their more common features 
seems to be in adhesion or binding of opposed membranes to trigger an event at the cell surface 
[418–420], which suggests that they may have a general role in membrane fusion. 
Remarkably, Ig-like domains bear structural resemblance to C2 domains that are found in 
many proteins that mediate Ca2+-dependent membrane-related events, including membrane fusion 
during synaptic vesicle exocytosis (Figure 7.5A) [345]. For example, synaptotagmin-1 features 
two C2 domains, which coordinate Ca2+ at binding sites typically formed by negatively charged 
aspartate residues at loop regions between β-strands (Figure 7.5B). Because of their divalent 
cationic charges, bound Ca2+ ions effectively switch the charge of the binding sites to enable 
subsequent binding of acidic lipids, such as PS [421–423]. It is this C2–Ca2+–PS “bridge” that 
essentially allows the protein domain to insert into membranes and induce the curvature necessary 
to trigger membrane fusion [424]. Indeed, this Ca2+-dependent membrane binding is required for 
synaptotagmin-1-mediated fusion, as shown by previous studies [425]. 
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Figure 7.5 | Structural similarities between Ig-like domains and C2 domains. (A) Structural comparison 
of the C2 domains of synaptotagmin-1 (SYT1 C2A) and protein kinase C-α (PKCα C2) with the Ig-like 
domains of macrophage fusion receptor (MFR) and integrin-associated protein (CD47) show that both 
domain types are characterized by a sandwich of two β-sheets composed of antiparallel β-strands (yellow). 
Protein PDB files were visualized using Jmol. (B) Structural sequence alignment (VAST) of proteins with 
C2 domains indicate the conservation of negatively charged residues involved in Ca2+-binding (red boxes). 
These residues are located at the loop regions between β-strands (gold arrows). (C) Multiple sequence 
alignment (Clustal Omega) of the Ig-like domain among different species of IZUMO1 shows that conserved 
negatively charged residues (blue boxes) are also found in the regions connecting β-strands. PDB ID 
numbers used in analyses are indicated in parentheses. 
Due to the structural similarities between Ig-like domains and C2 domains, and our finding 
that IZ-Ec inserts into membranes to generate pro-fusion curvature in a Ca2+-dependent manner, 
we explored whether the Ig-like domain of IZUMO1 (IZ-Ig) could be a putative membrane-active 
region of IZUMO1 and whether it could interact with Ca2+ and membranes in a manner cognate 
to C2-domain proteins. We further examined the sequence of IZ-Ig across species using a multiple 
sequence alignment (Clustal Omega) and identified several conserved negatively charged residues 
(D and E) located between β-strands (Figure 7.5C), similar to the patterns characterizing C2-
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domain proteins. We performed lipid mixing, Trp fluorescence, and SAXS assays on IZ-Ig and 
found that its activity was consistent with that observed for IZ-Ec (Figure 7.6, Table 7.2). Our X-
ray measurements showed that in the presence of Ca2+, the lattice parameter of the Pn3m cubic 
phase induced by IZ-Ig (16.14 nm) was smaller than that induced by IZ-Ec (16.90 nm). Since the 
average magnitude of NGC varies inversely with the lattice parameter 𝑎𝑎 through the relation 
|〈𝐾𝐾〉| = (2π𝜒𝜒)  �𝑑𝑑0𝑎𝑎2�⁄ , this result suggests that the ability to generate NGC is “stronger” or more 
efficient in IZ-Ig, which would be consistent with IZ-Ig as a putative membrane-active region. 
Upon binding to a membrane, the C2 domains of synaptotagmin-1 are believed to facilitate fusion 
by promoting the demixing or phase separation of PS within the membrane and inducing positive 
membrane curvature [426]. Locally concentrated PE-bound NBD has been reported to self-quench 
[427] and can be induced by the phase separation of PS and PE lipids in the membrane. From our 
lipid mixing assays, we observed signs of effective phase separation by both IZ-Ec and IZ-Ig in 
the presence of Ca2+ through the gradual decrease in NBD fluorescence intensity over time. 
Notably, this phenomenon was not apparent with Ca2+ alone. Furthermore, the lack of restructuring 
of lipid vesicles by IZ-Ig alone was analogous to the result we found with IZ-Ec, and in the same 
way, suggestive of the generation of positive membrane curvature by IZ-Ig. Taken together, these 
comparative analyses and empirical data illustrate several aspects in which IZ-Ig and C2 domains 
are similar to support our hypothesis that IZ-Ig is a putative domain of IZUMO1 that promotes 
membrane fusion in a manner resembling that of other Ca2+-triggered fusion proteins. 
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Figure 7.6 | Activity of IZ-Ig is consistent with that of IZ-Ec. (A) Total lipid mixing assays and (B) inner 
leaflet lipid mixing assays suggest that full fusion is achieved by IZ-Ig in the presence of Ca2+. (C) Trp 
fluorescence experiments indicate lipid binding for IZ-Ig in the presence of Ca2+. Samples containing 
vesicles were prepared at P/L = 1/1000. (D) SAXS measurements show that IZ-Ig in the presence of Ca2+ 
induces cubic phases rich in NGC, as well as HII and lamellar (Lα) phases. The inset shows indexing and 
lattice parameters of each phase. 
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Maximal Trp emission wavelength (λmax) of IZ-Ig 
Buffer only 2.5 mM Ca2+ SUVs 2.5 mM Ca
2+ + 
SUVs 
331.2 ± 0.4 329.9 ± 0.3 330.8 ± 0.2 326.5 ± 0.9 
Table 7.2 | The maximal Trp emission wavelength (in nm) of IZ-Ig for each condition. SUVs are 
composed of DOPS/DOPE = 20/80. 
7.2.5 Fusion pore sizes induced by the ectodomain and Ig-like domain of IZUMO1 
agree with the observed sperm–egg fusion pore diameter. 
To determine whether the amount of NGC induced by IZUMO1 in the presence of 2.5 mM 
Ca2+ is quantitatively close to the amount found in sperm–egg membrane fusion events, we 
compare the average amount of NGC, 〈𝐾𝐾〉, generated by IZUMO1 per unit area with the amount 
of NGC in a fusion stalk approximated using a catenoid surface (Figure 7.7) [43, 428]. For a 
bicontinuous cubic phase, 〈𝐾𝐾〉 = (2π𝜒𝜒)  �𝑑𝑑0𝑎𝑎2�⁄ , where 𝑎𝑎 is the lattice parameter, and the Euler 
characteristic, 𝜒𝜒 , and the surface area per unit cell, 𝑑𝑑0, are constants specific to each cubic phase. 
Specifically, for Pn3m, 𝜒𝜒 = −2 and 𝑑𝑑0 = 1.919, and for Im3m, 𝜒𝜒 = −4 and 𝑑𝑑0 = 2.345 [6]. In our 
model membrane, IZ-Ec generated Pn3m and Im3m QII phases with lattice parameters of 16.90 nm 
and 21.62 nm, respectively, which both amount to 〈𝐾𝐾〉 = −0.0229 nm−2. IZ-Ig generated a Pn3m 
with a lattice parameter of 16.14 nm, corresponding to 〈𝐾𝐾〉 = −0.0251 nm−2. A shape of a fusion 
stalk can be modeled by a catenoid minimal surface that has Gaussian curvature defined as 𝐾𝐾(𝑧𝑧) =
− �sech4(𝑧𝑧  𝑟𝑟⁄ )�  𝑟𝑟2⁄ , where 𝑟𝑟 is the radius of the stalk at a cross-section along the stalk axis, 𝑧𝑧. 
Therefore, the 〈𝐾𝐾〉 values of −0.0229 nm−2 and −0.0251 nm−2 for the induced cubic phases 
correspond to fusion stalks with diameters of 13.22 nm and 12.62 nm, respectively, at the 
narrowest point (𝑧𝑧 = 0). Accounting for the average thickness of a lipid bilayer, 4 nm, we estimate 
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the interior fusion pore diameters to be 9.22 nm and 8.62 nm, respectively, which are both in 
excellent agreement with the observation of the sperm–egg fusion pore being at least 8 nm in 
diameter [429]. 
 
Figure 7.7 | Fusion pore sizes induced by the ectodomain and Ig-like domain of IZUMO1 agree with 
observed sperm–egg fusion pore diameters. (A) A fusion stalk intermediate (red dashed box) is formed 
during the membrane fusion process between gametes. (B) The fusion stalk can be modeled using a catenoid 
surface, and thus, allows us to approximate the size of the fusion pore that can be formed by a given 
quantitative amount of NGC. We find that the amount of NGC induced by IZ-Ec and IZ-Ig can produce a 
stalk with a diameter of ~13 nm, which translates to a fusion pore size of ~9 nm. (C) A plot of Gaussian 
curvature 𝐾𝐾  on the catenoid surface as a function of distance along the 𝑧𝑧-axis. Maximal NGC occurs at the 
narrowest cross-section (𝑧𝑧 = 0). 
7.2.6 IZUMO1, JUNO, and Ca2+ cooperate to facilitate membrane fusion 
As introduced earlier, JUNO is the egg receptor for IZUMO1, and together they form the 
essential complex required for sperm–egg interaction leading up to fertilization. In vivo, IZUMO1 
and JUNO are both membrane-anchored proteins, not the representative soluble protein fragments 
examined here. Thus, one might expect that any IZUMO1-related membrane activity would be 
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extremely limited in application due to being tethered to a membrane and complexed with JUNO, 
however, we propose the opposite. Bianchi et al. measured the binding between IZUMO1 and 
JUNO and found that their interaction was highly transient, with a low binding affinity of KD 
~12 μM [347]. Due to the transient nature of the IZUMO1–JUNO interaction, it is likely that in 
physiological conditions, both local unbound and bound populations of IZUMO1 are present 
during sperm–egg adhesion. Accordingly, unbound and JUNO-bound IZUMO1 can interact with 
the membrane at varying ranges, thereby allowing IZ-Ig to induce curvature and lipid mixing in 
different regions of the membrane that ultimately lead to the membrane fusion (Figure 7.8). 
 
Figure 7.8 | The combination of unbound and JUNO-bound IZUMO1 enables a broad spatial range 
of membrane interactions. While the interactions between IZUMO1 and JUNO facilitate close apposition 
of sperm and egg membranes, their low equilibrium binding constant further suggests that both unbound 
and JUNO-bound IZUMO1 exist during sperm–egg adhesion. The two IZUMO1 populations would be 
expected to interact with different membrane regions, and therefore, provide sufficient coverage of induced 
curvature on the membrane surface to achieve efficient fusion. 
7.3 Conclusions 
Our results identified Ca2+ to be a critical player in gamete membrane fusion through 
synergistic interactions with IZUMO1. While the involvement of Ca2+ has been found to be 
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important in many biological membrane fusion processes, its specific role in facilitating gamete 
fusion with IZUMO1 is entirely unexpected, as the sperm protein is currently believed to have a 
function limited to membrane adhesion. Our observations suggest otherwise, and point to a 
multifunctional role for IZUMO1 in the fertilization process, by participating in both the initial 
membrane-tethering step and the subsequent membrane curvature generation and lipid mixing that 
results in fusion. The effectivity of IZUMO1 in this process would rely strongly on both JUNO 
and Ca2+. JUNO facilitates efficient localization of IZUMO1 to the egg’s surface, and the presence 
of Ca2+ further enables IZUMO1 to target specifically to the membrane surface to engage its 
fusogenic activity. Lastly, our finding that the Ig-like domain of IZUMO1 potentially contains a 
putative membrane-active segment leads us into more directions to pursue to further our 
mechanistic understanding of this and other proteins that participate in the fundamental process of 
fertilization. 
7.4 Methods 
7.4.1 Protein expression 
Proteins were provided (solubilized in PBS) by the Cell Surface Signalling Laboratory at 
the Wellcome Trust Sanger Institute. Proteins were dialyzed against 140 mM NaCl, 10 mM 
HEPES (pH 7.4) in (Thermo Scientific, Slide-A-Lyzer MINI dialysis units, 7,000 MWCO) for at 
least 5 h before use. 
7.4.2 Liposome preparation 
Liposomes were prepared as described in section 4.4.3 except for the following 
modifications: 
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Lyophilized lipids DOPS and DOPE were solubilized in chloroform at a concentration of 
20 mg/mL to prepare individual stock solutions. Fluorescently labeled NBD-PE and Rh-PE were 
purchased as chloroform stock solutions at a concentration of 1 mg/mL. SUVs were prepared from 
these lipids in aqueous 140 mM NaCl, 10 mM HEPES (pH 7.4). 
7.4.3 Total lipid mixing fusion assays 
Total lipid mixing fusion assays were performed as described previously [384] with 
modifications. Briefly, DOPS/DOPE = 20/80 and DOPS/DOPE/NBD-PE/Rh-PE = 20/78/1/1 
SUVs were mixed at a ratio of 8:1 to a final solution containing ~1 mM lipids. The vesicle mixture 
was then incubated in the absence or presence of protein at specific P/L ratios, in 140 mM NaCl, 
10 mM NaCl (pH 7.4) with or without 2.5 mM CaCl2. Experiments were carried out in black flat-
bottom Nunc 96-well plates (Thermo Scientific) with 125-μL reactions. NBD fluorescence was 
measured at excitation and emission wavelengths of 460 and 535 nm, respectively, using a 
Synergy H1 microplate reader for approximately 30 min at 37 °C. The maximum fluorescence 
intensity (MFI) was determined by adding n-dodecyl-β-D-maltoside to a final concentration of 
~1% (w/v). Lipid mixing efficiency was expressed as the percentage of MFI. Lipid mixing data 
depicted in figures are averaged values of three representative replicates. 
7.4.4 Inner leaflet lipid mixing fusion assays 
The inner leaflet lipid mixing assay was modified from the total lipid mixing fusion assay 
described above. 75 mM sodium dithionite in 50 mM Tris buffer (pH 10) was added in small 
aliquots to reduce the outer leaflet NBD signal of the labeled vesicles by ~50–60%. Because 
dithionite is labile and loses potency after ~30 min [387], vesicles were incubated with dithionite 
for up to ~1 h before performing the lipid mixing assay. The reaction was confirmed by a scan of 
the fluorescence emission from 500 to 700 nm in 10 nm increments at an excitation of 460 nm. 
151 
7.4.5 Lipid mixing efficiency calculations 
The lipid mixing efficiency (as a percent of MFI) was calculated based on the average 
achievable fluorescence for each tested condition. For conditions that experienced increases and 
decreases in signal over time, the average fluorescence was taken over the range of time points 
starting at the point where a decrease in fluorescence intensity was first detected. 
7.4.6 Tryptophan fluorescence assays 
Protein samples were prepared in the absence and presence of DOPS/DOPE = 20/80 SUVs 
(P/L = 1/1000) in 140 mM NaCl, 10 mM HEPES (pH 7.4) with and without 2.5 mM CaCl2. Final 
reaction volumes contained ~2.3 mM lipids. Experimental reactions were carried out in black flat-
bottom Nunc 96-well plates (Thermo Scientific) with volumes of 110 μL and incubated for 1 h at 
37 °C. Fluorescence emission spectra were then measured at 37 °C using a Synergy H1 microplate 
reader from 306 to 450 nm in 1 nm increments at an excitation of 280 nm. Spectra were corrected 
for non-protein contents (buffer, 2.5 mM CaCl2, and vesicles) and the maximal emission 
wavelength (λmax) was determined by nonlinear least-squares fitting of the data to a log-normal 
distribution [430] using Origin Lab software. The depicted fluorescence spectra for each condition 
are representative examples from two replicates. Tabulated λmax values represent the averages and 
standard errors from the two replicates. 
7.4.7 SAXS experiments and data analysis 
SAXS experiments and data analysis for IZUMO1–membrane interactions were performed 
as described in section 4.4.3 except for the following modifications: 
All protein–lipid samples were prepared with dialyzed proteins and DOPS/DOPE = 20/80 
SUVs at a P/L = 1/500 molar ratio in 140 mM NaCl, 10 mM HEPES (pH 7.4), in the absence or 
presence of 2.5 mM Ca2+, and incubated at 37 °C.  
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Chapter 8  
Molecular Motor Dnm1 Synergistically Induces Membrane 
Curvature to Facilitate Mitochondrial Fission 
8.1 Introduction 
The morphology and distribution of mitochondria, which vary among different cell types 
[431] and respond to different cellular conditions [432–435], are crucial for maintaining normal 
cell function [436]. Mitochondrial morphology and intracellular distribution are primarily 
governed by a balance between the antagonistic processes of fusion and fission [437–439]. 
Excessive fusion results in elongated mitochondria that form highly interconnected net-like 
structures, whereas, uninhibited fission leads to mitochondrial fragmentation [437, 440–442]. 
Recent studies have associated perturbations in these dynamic processes with developmental 
defects and neurodegenerative diseases [442–444]. Proteins that regulate and maintain 
mitochondrial morphology, therefore, play important roles in health and disease. The machinery 
involved in mitochondrial fission was first identified in yeast to include Dnm1 and Fis1 [436, 439, 
445], with Drp1 and hFis1 as their respective conserved human homologs [440, 446, 447]. A 
highly conserved cytosolic dynamin-related GTPase, Dnm1 (~85 kDa) in yeast Saccharomyces 
cerevisiae and Drp1 (~82 kDa) in mammals, is the major essential protein involved in eukaryotic 
mitochondrial fission [439]. Loss of Dnm1/Drp1 blocks the formation of fission complexes [445, 
448] and results in the formation of net-like structures [436, 438, 439]. Likewise, mutations in 
Dnm1 homologs were also shown to block fission [440, 449], while overproduction of Dnm1 leads 
to increased mitochondrial fragmentation [450]. Dnm1/Drp1 is characterized by an N-terminal 
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GTPase, a middle domain, and a C-terminal GTPase effector domain involved in self-assembly 
[437, 451]. In the current model, Dnm1/Drp1 is essentially a molecular motor recruited from the 
cytosol and self-assembles into spiral-like or ring-like oligomeric structures that encircle the outer 
mitochondrial membrane at sites of fission. GTP hydrolysis leads to Dnm1/Drp1 conformational 
changes that constrict the membranes to drive membrane scission [452–456]. The process of 
budding and scission, however, require the generation of significant local NGC in membranes 
[43]. NGC is the saddle-shaped surface membrane curvature found in the pinched regions of 
mitochondria undergoing fission. Interestingly, recent work has indicated that specific membrane 
lipids can facilitate mitochondrial fission [48, 457–460], and that lipids can play a role in binding, 
recruiting, and activating proteins that mediate fission, including Drp1 [457, 461–463]. In this 
work, we use machine learning and synchrotron SAXS to investigate whether Dnm1-lipid 
interactions can play a role in facilitating mitochondrial membrane remodeling and fission. To 
assess whether Dnm1 contains subdomains that can potentially mediate membrane fission, we 
screen the protein using a recently developed machine-learning-based classifier [234] that predicts 
whether a given ⍺-helical peptide sequence can generate NGC. Using this classifier, we find a 
high-scoring NGC-inducing ⍺-helical domain (LEDLIPTVNKLQDVMYD) in the protein 
sequence of Dnm1. Interestingly, this sequence occurs in the highly conserved N-terminal region 
of Dnm1 homologs that have fission activity. To test experimentally whether Dnm1 has the 
capacity to facilitate fission by restructuring membranes in a manner synergistic with its 
molecular-motor-based mitochondrial “pinching” activity, SAXS is used to investigate the full 
spectrum of Dnm1-induced membrane deformations in vesicles with mitochondrial-like lipid 
compositions. SAXS results show that Dnm1 indeed restructures membranes into phases rich in 
NGC, in agreement with the machine-learning results. The capacity to induce NGC suggests that 
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Dnm1 function is more complex than just simply mechanochemical constriction activity mediated 
by its oligomers. In fact, the membrane deformations generated by Dnm1 promote fission by 
rendering membranes more amenable to the restructuring necessary for scission. The observed 
degree of induced NGC is consistent with a fission neck having a diameter of 12.6 nm. These 
results suggest that Dnm1-induced membrane curvature and mechanochemical forces function 
cooperatively to efficiently catalyze mitochondrial fission, supporting the notion that the fission 
reaction depends on a combination of both protein and membrane mechanics. Remarkably, we 
further find that the adaptor protein Fis1 inhibits the pro-fission membrane activity of Dnm1 by 
quantitatively suppressing Dnm1-induced NGC. Based on these antagonistic qualities of Dnm1 
and Fis1, we suggest the possibility that the two proteins work in concert to modulate 
mitochondrial fission. 
8.2 Results and Discussion 
8.2.1 Machine learning predicts Dnm1 to contain membrane-destabilizing sequences 
NGC can be described as saddle-splay curvature due to its shape — the surface curves 
upwards in one direction and downwards in the orthogonal direction. This specific type of 
curvature is topologically required for membrane-destabilizing processes, such as budding and 
pore formation. Moreover, it is the type of local surface curvature found on scission necks during 
fission events [43, 116, 261, 263] (The pinched fission neck is a classic example of NGC). In fact, 
for peptides that function through membrane destabilization, a strong correlation has been found 
between their ability to generate NGC and their activity [116]. For example, NGC generation has 
been observed for AMPs [116, 125, 154, 199, 202, 218], CPPs [185, 260–262], and viral fusion 
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[235] and fission proteins [43]. These findings collectively suggest that generation of NGC is 
important in membrane-destabilizing processes. 
To assess whether Dnm1 contains subdomains that may induce membrane curvature 
important for fission, we employed a recently developed machine-learning classifier trained to 
predict the likelihood of membrane-restructuring activity for a given α-helical peptide sequence 
[234]. This classifier, which was originally trained with AMP sequences, has been shown to be a 
good detector of NGC-generating ⍺-helical domains in diverse families of proteins, including 
membrane-active segments of viral fusion proteins and endocytosis/exocytosis proteins. More 
notably, its effectiveness in detecting membrane-destabilizing activity in peptide sequences allows 
for the recognition of previously undetected membrane activity in existing proteins or peptides, 
such as the neuropeptide hormones [234]. 
The classifier is based on a linear support vector machine (SVM) that takes as input n = 12 
physicochemical descriptors generated from the peptide sequence and outputs a score 𝜎𝜎 specifying 
the distance of the peptide from an (n−1) = 11 dimensional hyperplane trained to optimally separate 
243 known α-helical curvature-generating peptides from 243 decoy peptides. A large, positive 𝜎𝜎 
score correlates with increased ability to induce NGC in membranes, whereas a negative 𝜎𝜎 score 
indicates a lack of membrane-disruptive activity. This score can be converted through a monotonic 
function into a probability 0 < P(+1) < 1 that the peptide induces membrane curvature. Large, 
positive values of 𝜎𝜎 (P(+1) > 0.95) indicate a high likelihood of membrane activity (ability to 
generate NGC), and negative values of 𝜎𝜎 (P(+1) < 0.50) indicate a low probability of membrane 
activity. Testing of the classifier on a blind balanced test set of 86 peptides demonstrated 91.9% 
prediction accuracy, 93.0% specificity, and 90.7% sensitivity. Experimental validation of 
computational predictions was carried out using SAXS. ⍺-Helical test peptides were incubated 
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with model membranes, and induced NGC was measured. A strong correlation between the ability 
to generate NGC in membranes and the distance-to-hyperplane SVM metric 𝜎𝜎 was observed. 
Classification of a single peptide requires ~0.1 s of CPU time permitting high-throughput 
computational screening for membrane active peptide discovery and design. Full details of dataset 
curation, physicochemical descriptor selection, and model training and validation is provided in 
[234]. 
We use the classifier to evaluate the potential of the Dnm1 protein sequence to remodel 
membranes through membrane curvature induction. To locate potential curvature-generating 
domains in Dnm1 (UniProtKB: P54861), we enumerated all possible 10–25 amino acid 
subsequences of the entire protein sequence and performed a moving window scan with the 
membrane activity prediction tool. In conjunction with this scan, we predicted the secondary 
structure of Dnm1 using two methods: the DSSP secondary structure prediction algorithm [464] 
and sequence alignment with the known crystal structure of human homolog Drp1 (PDB: 4BEJ) 
[465] (Figure 8.1A,B). Surprisingly, when we compared the results of the moving window scan 
with the secondary structure prediction, we found a membrane-destabilizing ⍺-helical sequence 
(LEDLIPTVNKLQDVMYD, 𝜎𝜎 = 1.36, P(+1) = 0.99) with an exceedingly high score. This 
sequence lies in a highly conserved N-terminal region shared with homologs of Dnm1 that also 
have membrane activity (Figure 8.1B,C). Likewise, the corresponding aligned sequence for Drp1 
was also predicted to be membrane-destabilizing (MEALIPVINKLQDVFNT, 𝜎𝜎 = 1.51, P(+1) = 
0.99). In addition to this sequence, the algorithm predicted six other helices of Dnm1 to potentially 
possess membrane activity, but with lower confidence (P(+1) < 0.95). These machine-learning 
results predict that Dnm1 contains multiple ⍺-helical sequences with potential membrane-
destabilizing activity, including one particularly high-scoring domain (Figure 8.1C). These 
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findings from machine learning suggest the testable hypothesis that in addition to promoting 
mitochondrial fission through mechano-constriction activity, the GTPase-driven molecular motor 
Dnm1 has the capacity to enhance mitochondrial fission through induced NGC membrane 
deformations. 
 
Figure 8.1 | Machine-learning screen of Dnm1 yields a putative membrane-destabilizing sequence in 
the conserved N-terminal domain. (A) 3D homology structure model of yeast Dnm1 (UniProtKB: 
P54861) (right) based on the known crystal structure of human Drp1 (PDB: 4BEJ) (left). The first N-
terminal helices in both protein sequences are indicated with the orange (Drp1) and green (Dnm1) arrows. 
(B) Sequence alignment of the N-terminal regions of Drp1 and Dnm1 shows significant sequence homology 
and conservation. The first two conserved N-terminal helices in both sequences are boxed in red. The 
sequence boxed in green (LEDLIPTVNKLQDVMYD) corresponds to the top hit from the machine-
learning screen for membrane-destabilizing segments of Dnm1, while the corresponding aligned sequence 
from Drp1 is boxed in orange (MEALIPVINKLQDVFNT). (C) Table showing the top-scoring helical 
subsequences from Dnm1 with 𝜎𝜎 > 0 and their corresponding 𝜎𝜎 and P(+1) assignments from the machine-
learning classifier. The top hit LEDLIPTVNKLQDVMYD corresponds to a segment of Dnm1 that contains 
the first N-terminal helix. This sequence has a P(+1) score > 95%, which indicates a high likelihood of 
NGC generation and membrane-restructuring ability. 
8.2.2 Dnm1 remodels membranes and induces NGC to promote mitochondrial 
membrane fission 
To test the predictions from the machine-learning classifier, we assessed the ability of 
Dnm1 to generate membrane-destabilizing curvature. Using high-resolution synchrotron SAXS, 
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we quantitatively characterized Dnm1-induced membrane deformations in model mitochondrial 
membranes. SUVs were prepared from ternary phospholipid mixtures of PE, PC, and CL at molar 
ratios of 75/15/10 and 75/5/20 to mimic the lipid compositions of mitochondrial membranes [458, 
462, 466–468]. Dnm1 was incubated with SUVs at a protein-to-lipid (P/L) molar ratio of 1/1000 
and the resulting membrane structures were characterized using SAXS. 
We found that Dnm1 restructured the lipid vesicles into phases rich in NGC, while the 
control samples of SUVs only showed a broad characteristic feature consistent with the form factor 
of unilamellar vesicles (Figure 8.2). For the model membrane PE/PC/CL = 75/15/10, we observed 
a coexistence of two phases: (1) one set of correlation peaks with Q-ratios √1: √3: √4: √7: √9, 
consistent with an inverted hexagonal (HII) phase with a lattice parameter of 7.88 nm; (2) a second 
set of peaks with Q-ratios√2: √3: √4: √6: √8: √9: √10: √12: √19, which indexed to a Pn3m 
“double-diamond” cubic (QII) phase with a lattice parameter of 34.16 nm (Figure 8.3). Similarly, 
the model membrane PE/PC/CL = 75/5/20 exhibited HII and Pn3m QII phases with lattice 
parameters of 7.70 nm and 16.15 nm, respectively. However, for this membrane composition, an 
additional third set of peaks were identified with Q-ratios √2: √4, which indexed to an Im3m 
“plumber’s nightmare” QII phase with a lattice parameter of 20.65 nm. These coexisting Pn3m and 
Im3m QII phases for this membrane had lattice parameters with a ratio close to the Bonnet ratio of 
1.279 [6], indicating that they are near equilibrium with the quantitative amount of membrane 
curvature balanced between the two cubic phases. A bicontinuous cubic phase, such as Pn3m and 
Im3m, consists of two nonintersecting aqueous regions that are separated by a lipid bilayer. The 
center of this bilayer traces out a periodic minimal surface that has NGC at every point. From our 
SAXS measurements, we found that Dnm1 promotes saddle-shaped membrane deformations to 
stabilize bulk cubic phases in model membranes with lipid compositions that closely resemble 
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those of mitochondrial membranes, but not others (data not shown). These observations of a strong 
Dnm1-induced propensity to restructure a lamellar bilayer into a NGC-rich cubic phase mirror the 
required membrane-remodeling events involved in mitochondrial fission. Remarkably, this 
intrinsic membrane activity occurs in the absence of GTP binding or hydrolysis, and indicates that 
Dnm1 may help mediate membrane fission through the induction of NGC in a manner similar to 
that previously shown by viral scission proteins [43]. 
 
Figure 8.2 | SAXS spectra for control samples of SUVs. PE/PC/CL = 75/15/10 and 75/5/20 lipid vesicles 
displayed broad characteristic features consistent with the form factor of unilamellar vesicles. 
One question to ask is whether the amount of NGC induced by Dnm1 is quantitatively 
close to the amount found in mitochondrial fission events. We compare the quantitative amount of 
NGC generated by Dnm1 per unit area with the amount of NGC in a constricted fission membrane 
neck approximated by a catenoid surface [43, 428]. The average amount of Gaussian curvature, 
𝐾𝐾 , in a cubic phase can be calculated using the equation 〈𝐾𝐾〉 = (2π𝜒𝜒)  �𝑑𝑑0𝑎𝑎2�⁄ , where 𝑎𝑎 is the 
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lattice parameter. The Euler characteristic, 𝜒𝜒 , and surface area per unit cell, 𝑑𝑑0, are constants 
specific to each cubic phase. For Pn3m, 𝜒𝜒 = −2 and 𝑑𝑑0 = 1.919, and for Im3m, 𝜒𝜒 = −4 and 𝑑𝑑0 = 
2.345 [6]. For the PE/PC/CL = 75/5/20 model membrane, Dnm1 generated Pn3m and Im3m QII 
phases with lattice parameters of 16.15 nm and 20.65 nm, respectively, which both amount to 
〈𝐾𝐾〉 = −0.025 nm−2. A constricted scission neck adopts a shape that can be modeled by a catenoid 
surface, a minimal surface that has Gaussian curvature 𝐾𝐾(𝑧𝑧) = − �sech4(𝑧𝑧  𝑟𝑟⁄ )�  𝑟𝑟2⁄ , where the 𝑟𝑟 is 
the radius of the neck at a cross-section along the neck axis, 𝑧𝑧. A value of 〈𝐾𝐾〉 = −0.025 nm−2 for 
the induced cubic phases equates to a constricted membrane neck that has a radius of 6.3 nm at its 
narrowest point, 𝑧𝑧 = 0 (Figure 8.4A,B). These results show that the Dnm1-induced NGC 
corresponds to a fission neck of approximately 12.6 nm in diameter in the absence of nucleotide. 
This value is considerably smaller than the neck diameter typically observed with electron 
microscopy and super-resolution microscopy for Dnm1/Drp1 interacting with model membranes 
with simplified compositions [459, 465, 469–471]. In fact, neither protein has successfully 
demonstrated scission of lipid tubes in vitro [452, 455, 471–473]. Although GTP binding is known 
to further constrict the membrane tubule [474], this constriction appears insufficient to cause 
membrane scission. Recent findings demonstrate that dynamin-2 is necessary for the final stages 
of membrane scission of human mitochondria [473]. Thus, our observation of high membrane 
curvatures and small fission necks via Dnm1-induced membrane remodeling synergistic to motor-
driven membrane constriction is highly suggestive of a composite, mutually amplifying fission 
mechanism, and that membranes with a significant portion of negative intrinsic curvature lipids, 
such as mitochondrial membranes, can be remodeled by Dnm1 into narrower fission necks via 
NGC generation. 
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Figure 8.3 | Dnm1 generates NGC necessary for mitochondrial membrane fission. (A) SAXS spectra 
for PE/PC/CL = 75/15/10 and 75/5/20 model mitochondrial membranes incubated with Dnm1 at P/L = 
1/1000. Correlation peaks corresponding to assigned reflections are indicated for hexagonal (green) and 
cubic phases (black lines). (B) 3D reconstructions depicting the topology of Im3m (left) and Pn3m (right) 
cubic phases, which have surfaces with NGC at every point. (C) Indexing of Dnm1-induced HII, and Pn3m 
and Im3m QII phases for PE/PC/CL = 75/15/10 (red) and 75/5/20 (blue) membranes. Plots of the measured 
Q-positions, 𝑄𝑄measured, versus the assigned reflections in terms of Miller indices, √ℎ2 + ℎ𝑘𝑘 + 𝑘𝑘2 for 
hexagonal and √ℎ2 + 𝑘𝑘2 + 𝑙𝑙2 for cubic phases. The lattice parameters were calculated from the slopes of 
the linear regressions through the points and are provided in the legend. 
Coupled with evidence implicating key roles for specific membrane lipids in mitochondrial 
fission, such as the interactions between CL and Drp1 in forming CL-enriched membrane regions 
[457, 462, 474, 475] that may facilitate membrane remodeling [457] and activation of Drp1 
GTPase activity [458], the results described here further demonstrate the crucial function of 
membrane dynamics in the fission process. These findings using synchrotron SAXS, which are in 
agreement with the machine-learning classifier predictions for the existence of a membrane-active 
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domain that is conserved between Dnm1 and its homolog Drp1, point to the ability of Dnm1 to 
catalyze mitochondrial fission via its GTPase hydrolysis-driven mitochondrial-pinching activity 
in conjunction with synergistic membrane-remodeling activity. 
 
Figure 8.4 | Dnm1-mediated NGC corresponds to a fission neck with a diameter of 12.6 nm. (A) A 
scission neck (dashed box) is formed during the mitochondrial fission process. This structure can be 
modeled as a catenoid surface, which allows us to estimate the neck size that can be produced by a given 
quantitative amount of NGC. (B) Schematic of a catenoid surface approximating a mitochondrial fission 
neck with a diameter of 12.6 nm at the narrowest cross-section (𝑧𝑧 = 0). (C) A plot of the Gaussian curvature 
(𝐾𝐾) along the surface of the catenoid as a function of 𝑧𝑧-distance. Since the catenoid is rotationally 
symmetric about the 𝑧𝑧-axis, this describes 𝐾𝐾  everywhere along the surface. Maximal NGC (*) occurs at the 
narrowest cross-section (𝑧𝑧 = 0) and corresponds to a value of K = −0.025 nm−2, which is the quantitative 
amount of NGC observed in the bicontinuous cubic phases generated by Dnm1 in PE/PC/CL = 75/5/20 
membranes (Figure 8.3). 
The results presented here make contact with a key aspect of mitochondrial fission related 
to Fis1, a protein localized to the outer mitochondrial membrane. Previous studies have suggested 
that yeast Fis1 recruits Dnm1 from the cytosol to the mitochondrial membrane [436, 476, 477]. 
However, other studies have recently provided evidence that Fis1 is instead dispensable for 
mitochondrial membrane fission, supporting the notion that Dnm1/Drp1-mediated mitochondrial 
fission is not necessarily a conserved function of Fis1 [471]. Furthermore, the human homolog 
hFis1 does not appear to recruit Drp1 to mitochondria [478, 479]. Therefore, although Fis1 is a 
conserved factor for fission and believed to function with Dnm1, its specific role in mitochondrial 
fission is unclear. Using the same approach used for Dnm1, we examine Fis1 for possible 
membrane activity. 
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8.2.3 Fis1 is not predicted to contain membrane-destabilizing sequences and does not 
restructure mitochondrial membranes 
Fis1 (~16 kDa) is a highly conserved tail-anchored protein in the mitochondrial outer 
membrane that is believed to be involved in mitochondrial fission with Dnm1. Fis1 has a cytosolic 
N-terminal domain that contains a six-helix array with two tandem tetratricopeptide repeat motifs 
(TPR) and a C-terminal transmembrane (TM) domain serving as an anchor into the mitochondrial 
outer membrane [447, 480] (Figure 8.5A). 
 
Figure 8.5 | Helix-rich Fis1 is not predicted to destabilize membranes. (A) 3D structures of yeast Fis1 
[481] (PDB: 3O48) (right) and human hFis1 [482] (PDB: 1NZN) (left) show strongly conserved helical 
content. Both proteins contain six helices. (B) The six helical subsequences of Fis1 were screened for 
membrane activity using the machine-learning classifier. A table of the Fis1 helical subsequences with their 
corresponding outputs 𝜎𝜎 and P(+1) from the machine-learning screen is reported. Predictions suggest that 
helical subsequences of Fis1 have a low probability (P(+1) < 0.95) of membrane-destabilizing activity and 
are unlikely to generate NGC. 
With the machine-learning classifier, we evaluated Fis1 for potential membrane-
destabilizing helical sequences. We ran a moving window scan on the protein sequence 
(UniProtKB: P40515) for subsequences of 10–25 residues and compared the outputs with the 
determined protein crystal structure (PDB: 3O48) [481]. While the algorithm predicted a few 
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helical sequences to have a positive 𝜎𝜎 score, none were identified with a high probability (P+(1) 
> 0.95) for membrane activity (Figure 8.5B). Overall, these results indicate that Fis1 is unlikely 
to be membrane-destabilizing or have a direct role in the membrane restructuring that occurs 
during mitochondrial fission. 
Using SAXS, we examined SUVs incubated with Fis1 at a P/L molar ratio of 1/500 and 
indeed found that the protein did not restructure the lipid vesicles. Instead, the SAXS profile for 
each model membrane, PE/PC/CL = 75/15/10 and 75/5/20, (Figure 8.6) exhibited a broad feature 
that is consistent with the form factor of unilamellar vesicles and resembled the spectra observed 
for the control SUVs (Figure 8.2). More specifically, Fis1 does not generate NGC, and therefore, 
would not be expected to have direct membrane activity that mediates membrane fission in the 
manner of Dnm1, which is consistent with our machine-learning predictions. 
 
Figure 8.6 | Fis1 does not restructure model mitochondrial membranes. Fis1 at P/L = 1/500 showed 
minimal membrane activity and did not significantly restructure either PE/PC/CL = 75/15/10 or 75/5/20 
membranes (no generation of NGC). Their SAXS profiles closely resembled those of control samples 
containing only lipid vesicles (Figure 8.2). 
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8.2.4 Fis1 inhibits Dnm1-mediated membrane disruption  
That Fis1 does not restructure membranes in the manner of Dnm1, by inducing NGC, raises 
interesting questions on precisely what its physical role is, given extant results on its unambiguous 
contributions to the fission process. To expand on the observation that Fis1 does not disrupt model 
mitochondrial membranes by generating NGC, we investigate how Fis1 interacts with Dnm1, and 
do so in the context of membrane interactions, since direct interactions between Dnm1 and Fis1 
have been previously studied [447, 477, 483]. Specifically, we explored how Dnm1 in combination 
with Fis1 impacts Dnm1 membrane remodeling. 
SUVs were incubated with both Dnm1 (P/L = 1/1000) and Fis1 (P/L = 1/500) and measured 
using SAXS. Model membrane PE/PC/CL = 75/15/10 exhibited an HII phase with a lattice 
parameter of 7.94 nm, while membrane PE/PC/CL = 75/5/20 possessed an HII phase and a 
coexistence of Im3m and Pn3m QII phases, characterized by lattice parameters of 7.83 nm, 
24.09 nm, and 19.00 nm, respectively (Figure 8.7A,B). Comparing these SAXS measurements to 
our previous results, we noted changes in the phase identity and magnitude of membrane curvature 
induced by Dnm1 while in the presence of Fis1. Specifically, for membrane PE/PC/CL = 75/15/10, 
the Pn3m QII phase induced by Dnm1 alone (Figure 8.3A) is now no longer apparent (Figure 8.7A). 
This disappearance of the cubic phase implies a marked reduction in the ability of Dnm1 to 
generate NGC in mitochondrial membranes while in the presence of Fis1. Furthermore, we found 
that the lattice parameter of the hexagonal phase increased from 7.88 nm to 7.94 nm. Larger 
lattices were also observed for all coexisting phases in model membrane PE/PC/CL = 75/5/20, 
with unit cell spacing increasing from 7.70 nm to 7.83 nm (HII), 20.65 nm to 24.09 nm (Im3m QII), 
and 16.15 nm to 19.00 nm (Pn3m QII). Importantly, these increased lattice parameters correspond 
to decreased magnitudes of induced membrane curvature for each associated phase, as the two 
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characteristics are inversely related [6, 413, 414]. For instance, while a hexagonal phase is 
characterized by having a Gaussian curvature of zero, it has a mean curvature of 𝐻𝐻 ≈ − 1  𝑎𝑎⁄  
(radius of a hexagonal lipid cylinder ≈ 0.5𝑎𝑎) and cubic phases have an average Gaussian curvature 
of 〈𝐾𝐾〉 = (2π𝜒𝜒)  �𝑑𝑑0𝑎𝑎2�⁄ . Both of these quantities decrease in magnitude with an increasing lattice 
parameter 𝑎𝑎. Specifically, the increased lattice parameters for the Im3m and Pn3m cubic phases 
correspond quantitatively to a decrease in NGC magnitude from 〈𝐾𝐾〉 = −0.025 nm−2 for Dnm1 
alone to 〈𝐾𝐾〉 = −0.018 nm−2 for Dnm1 in the presence of Fis1. These findings indicate that Fis1 
limits the ability of Dnm1 to generate membrane curvature that would facilitate mitochondrial 
fission. That the interactions between Fis1 and Dnm1 are complex from extant studies suggest that 
the action of Fis1 in this context may be pleiotropic, impacting Dnm1 through multiple channels 
of activity such as protein–protein binding or direct induction of complementary membrane 
curvature to “cancel” NGC. Through these interactions, the combined action of Dnm1 and Fis1 in 
principle affords the ability to control the equilibrium diameter of the fission neck, in a way that 
is complementary to the mechanical constriction model. 
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Figure 8.7 | Dnm1 exhibits reduced ability to generate NGC in the presence of Fis1. (A) Dnm1 (P/L = 
1/1000) in combination with Fis1 (P/L = 1/500) restructured both PE/PC/CL = 75/15/10 and 75/5/20 model 
membranes but with decreased membrane curvature induction compared to Dnm1 alone (Figure 8.3A). 
Correlation peaks corresponding to assigned reflections are indicated for hexagonal (green) and cubic 
phases (black lines). The Pn3m QII phase observed in PE/PC/CL = 75/15/10 with Dnm1 alone is not 
apparent here (B) Indexing of generated HII, and Im3m and Pn3m QII phases for PE/PC/CL = 75/15/10 (red) 
and 75/5/20 (blue) membranes reveals increases in the lattice parameters for all induced phases compared 
to membranes incubated only with Dnm1 (Figure 8.3C). These larger lattice parameters and no observed 
Pn3m QII phase for PE/PC/CL = 75/15/10 indicate a marked attenuation in overall curvature induction. 
8.2.5 Evolution of membrane activity in the dynamin superfamily 
Now that we have experimentally validated the ability of Dnm1 to directly generate NGC 
in mitochondrial membranes, we trace the evolution of this membrane-remodeling ability in 
members of the dynamin superfamily. A full sequence alignment was performed (data not shown) 
and comprehensive phylogenetic reconstruction of 33 members of the dynamin superfamily from 
various organisms (Figure 8.8A). From earlier machine-learning predictions, the conserved N-
terminal helices of Dnm1 and Drp1 are likely involved in generating membrane curvature, 
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evidenced by strong 𝜎𝜎 scores which are experimentally correlated with NGC [234]. We screened 
all 33 dynamin superfamily members over an aligned 16-amino acid span corresponding to the 
conserved N-terminal helix in Dnm1 and Drp1 (Table 8.1). Interestingly, 15 of the conserved 
helices were predicted to have membrane activity (𝜎𝜎 > 0), while 18 did not (𝜎𝜎 < 0) (Figure 8.8A). 
14 of the 15 positive hits were amphitropic proteins, which are soluble and can reversibly interact 
with membranes. In contrast, 14 of the 18 proteins that were predicted to lack NGC-generating 
domains were membrane-tethered proteins. (Note that Mgm1 and Opa1 can be classified as both 
amphitropic and membrane-tethered due to having a long membrane-bound form and a short 
amphitropic form [484, 485]). Based on this finding, we hypothesized that amphitropic dynamin 
superfamily members evolved the ability to generate NGC to augment their membrane-remodeling 
functions. To probe the quantitative relationship between the ability to generate NGC and the 
evolutionary history of dynamin-related proteins, we calculated the strength of correlation between 
𝜎𝜎 and the phylogenetic distance of each family member from the human classical dynamin 
(DYN1_Hs) (Figure 8.8B). We calculated Pearson and Spearman correlations, as well as the newly 
developed nonlinear correlation metrics distance correlation (dCor) [486] and maximal 
information coefficient (MIC) [487]. Remarkably, we found a strong, statistically significant 
negative correlation between the phylogenetic distance and the predicted ability to generate NGC 
(𝜎𝜎) (RPearson = −0.728 [−0.859, −0.587], P < 10−5; RSpearman = −0.750 [−0.863, −0.560], P < 10−5). 
Nonlinear correlations suggest a strong statistical dependence between 𝜎𝜎 and phylogenetic 
distance (RdCor = 0.781 [0.678, 0.883], P < 10−5; RMIC = 0.832 [0.786, 0.999], P < 10−5). Indeed, 
these results suggest that the amphitropic members of the superfamily evolved the ability to induce 
NGC in membranes, and the predicted strength of NGC generation scales inversely with 
evolutionary distance from DYN1_Hs. A density analysis of 𝜎𝜎 versus phylogenetic distance 
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reveals two clusters of dynamin superfamily members, which closely recapitulates the 
classification of the proteins as amphitropic (Figure 8.8B, upper left) and membrane-tethered 
(Figure 8.8B, lower right). 
 
Figure 8.8 | Evolution of membrane activity in the dynamin superfamily. (A) A phylogram is 
constructed via multiple sequence alignment of 33 members of the dynamin superfamily, including yeast 
Dnm1 (DNM1_Sc) and human Drp1 (DRP1_Hs). The lengths of the branches are proportional to the 
phylogenetic distance from the nearest ancestral branch. Machine-learning screens for membrane activity 
were carried out on an aligned 16-amino acid span corresponding to the conserved N-terminal helix in 
DNM1 and DRP1. The members highlighted in green are predicted to generate NGC (𝜎𝜎 > 0), while those 
in black are not (𝜎𝜎 < 0). All superfamily members highlighted in green except for MFN2_Dr are 
amphitropic (lacking a TM domain), while most highlighted in black contain TM domains (except for 
MXA_Hs, MXB_Hs, MXA_Dr, and MXB_Dr). (B) As phylogenetic distance increases from the reference 
human classical dynamin DYN1_Hs, the predicted ability to generate NGC (𝜎𝜎) decreases. Dynamin 
superfamily members are color coded by phylogenetic distance (red = closest, blue = furthest). (RPearson = 
−0.728 [−0.859, −0.587], P < 10−5, RSpearman = −0.750 [−0.863, −0.560], P < 10−5, N = 33). The density plot 
depicts two clusters of sequences, with the upper left cluster roughly corresponding to the amphitropic 
members and the lower right cluster roughly corresponding to the membrane-tethered members. Raw data 
is found in Table 8.1. 
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ID Prediction 𝝈𝝈 P(+1) Sequence Phylogenetic Distance 
DYN1_Hs 1 0.69 0.91 LIPLVNRLQDAFSAIG 0 
DYN2_Hs 1 2.6 1 LIPLVNKLQDAFSSIG 0.33 
DYN3_Hs 1 0.71 0.91 LIPLVNRLQDAFSALG 0.32 
DYN1_Dr 1 0.03 0.53 LIPLVNRMQDAFSAIG 0.15 
DYN2_Dr 1 2.68 1 LIPLINKLQDAFSSIG 0.31 
DYN_Dm 1 2.35 1 LITIVNKLQDAFTSLG 0.61 
DYN_Ce 1 0.78 0.93 LIPVINRVQDAFSQLG 0.72 
VPS1_Sc 1 2.14 1 LISTINKLQDALAPLG 2.18 
DRP1_Hs 1 2.41 1 LIPVINKLQDVFNTVG 2.23 
DRP1_Dr 1 2.41 1 LIPVINKLQDVFNTVG 2.23 
DRP1_Dm 1 2.41 1 LIPVINKLQDVFNTVG 2.27 
DRP1_Ce 1 1.96 1 LIPVVNKLQDVFATLG 2.26 
DNM1_Sc 1 1.41 0.99 LIPTVNKLQDVMYDSG 2.25 
MXA_Hs −1 −0.29 0.29 KVRPCIDLIDSLRALG 4.16 
MXB_Hs −1 −0.29 0.29 KVRPCIDLIDSLRALG 4.38 
MXA_Dr −1 −0.09 0.43 KIRPCIDTIDNLRSLG 4 
MXB_Dr −1 −0.09 0.43 KIRPCIDTIDNLRSLG 4.07 
MFN1_Hs −1 −1.42 0.01 DLVEMQGYKDKLSIIG 7.93 
MFN2_Hs −1 −0.47 0.18 QVLDVKGYLSKVRGIS 8.09 
MFN1_Dr −1 −0.58 0.13 QLDEIESYTSKLSIIQ 7.71 
MFN2_Dr 1 0.57 0.87 QVAEVRGYLSKVAGIG 8.05 
FZO_Dm −1 −0.7 0.09 MLEHLCAFSSRVEAIA 7.38 
FZO1_Ce −1 −1.59 0.01 QREEIEAIGDSIKTIM 8.28 
FZO1_Sc −1 −0.03 0.49 LLPSLRSSNSKAHLIS 10.25 
ATLA1_Hs −1 −1.14 0.02 PVKKAGPVQVLIVKDD 8.49 
ATLA3_Dr −1 −0.38 0.23 QIVTVNKEKHSFDLDT 8.59 
ATLA_Dm −1 −1.4 0.01 AVQVINASEEHTFVLN 8.49 
OPA1_Hs −1 −0.75 0.08 LAPDFDKIVESLSLLK 5.78 
OPA1_Dr −1 −0.74 0.08 LLPDMEKIGENFTFLK 5.73 
OPA1_Dm −1 −2.36 0 LVKNAIEVDPKLKQLG 5.3 
EAT3_Ce −1 −0.55 0.14 FSQKMKGIKDGFGADG 5.67 
MGM1_Sc 1 0.39 0.79 ASSFTKDKLDRIKDLG 4.58 
GBP1_Hs −1 −1.17 0.02 PMCLIENTNGRLMANP 8.53 
Table 8.1 | Machine-learning screen and phylogenetic distances of dynamin superfamily members. 
33 dynamin family members were screened for membrane activity using the machine-learning algorithm. 
Membrane activity prediction (+1 or −1), distance-to-hyperplane (𝜎𝜎), probability of membrane activity 
(P(+1)), aligned sequence, and phylogenetic distance are reported for each sequence. This data is plotted in 
Figure 8.8B. 
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8.3 Conclusions 
In summary, results from machine learning and synchrotron SAXS indicate that the fission 
protein Dnm1 can catalyze mitochondrial fission by both its GTPase hydrolysis-driven 
mechanical-pinching activity and its synergistic membrane-remodeling activity. The observations 
here provide a framework to reconcile diverse extant results. The NGC thus generated by Dnm1 
can reach fission neck sizes of 12.6 nm in diameter, which is smaller than the observed diameters 
of ~120 nm and ~70 nm, in the absence and presence of nucleotide, respectively, from mechanical 
constriction [452, 455], suggesting that membrane remodeling may amplify effects from motor 
activity alone. The existence of strong membrane-remodeling activity provides a point of contact 
with recently observed roles for specific membrane lipids in mitochondrial fission. Finally, that 
the sequence domain for membrane curvature generation falls within a highly conserved region 
between Dnm1 and Drp1 suggests that such membrane activity may be a general feature of 
dynamin superfamily GTPases [488]. 
The findings presented here also suggest that Fis1 regulates the ability of Dnm1 to induce 
membrane-destabilizing curvature that would promote mitochondrial fission. Indeed, our 
measurements demonstrate that Fis1 alone does not disrupt bilayer membranes at the 
stoichiometries examined. However, it is possible that the protein induces membrane curvature 
that counteracts the NGC-inducing activity of Dnm1. In support of this notion, previous studies 
have demonstrated that Fis1 binds directly with membranes and that this interaction can lead to 
vesicle clustering that is not membrane-disruptive, as the vesicles retain their original shape [489]. 
Previous experiments on yeast cells have also shown that Dnm1-mediated mitochondrial fission 
can be inhibited by Fis1 [490]. Based on these results, we hypothesize that the modulation of Dnm1 
172 
activity by Fis1 may play a role in regulating mitochondrial fission by controlling the effective 
diameter of the fission neck in a parallel channel of activity in addition to mechano-constriction. 
8.4 Methods 
8.4.1 Proteins 
Yeast proteins Dnm1 and Fis1 were provided by Prof. R. Blake Hill at the Medical College 
of Wisconsin. 
8.4.2 Machine-learning screen for membrane-active sequences 
Full details of the membrane activity prediction tool are described in prior work [234]. 
Here, we employ the classifier to identify putative membrane-active subsequences within proteins 
Dnm1 and Fis1. Using Python, all subsequences of 10–25 amino acids in length were generated 
for these two proteins and cross-referenced with either the known secondary structure from 
crystallographic data or from a secondary structure prediction algorithm. Helical segments from 
Drp1 and Fis1 were screened using the machine-learning classifier, and their 𝜎𝜎 and P(+1) values 
were sorted and tabulated. The top helical subsequences for each protein were sorted by P(+1). In 
other analyses, conserved segments obtained from sequence alignment of 33 dynamin superfamily 
members were screened in a similar manner. 
8.4.3 Sequence alignment and 3D modeling 
Initial sequence alignment of Dnm1 and Drp1 was carried out using T-Coffee 
(http://tcoffee.crg.cat/apps/tcoffee/index.html), and the outputs were formatted using BoxShade 
(http://www.ch.embnet.org/software/BOX_form.html). All 3D images for Dnm1, Drp1, Fis1, and 
hFis1 were generated using the Tachyon plugin for VMD. 
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8.4.4 SAXS experiments and data analysis 
Liposomes were prepared as described in section 4.4.3 except for the following 
modifications: 
SUVs were prepared from DOPE, DOPC, and CL lipids in aqueous 100 mM KCl, 10 mM HEPES 
(pH 7.4). 
 
 SAXS experiments and data analysis for protein–membrane interactions were performed 
as described in section 4.4.3 except for the following modifications: 
All protein–lipid samples were prepared at specified P/L molar ratios in 100 mM KCl, 10 mM 
HEPES (pH 7.4). 
8.4.5 Phylogenetic analysis 
A comprehensive multiple sequence alignment of 33 dynamin superfamily members was 
carried out with MUSCLE [491, 492]. Newick tree topologies were extracted from the multiple 
sequence alignment using Simple Phylogeny 
(http://www.ebi.ac.uk/Tools/phylogeny/simple_phylogeny/). A phylogram was reconstructed 
using TreeVector [493]. 
8.4.6 Statistical analysis 
Bootstrap analysis for linear and nonlinear correlations were done in R. Correlation 
coefficients, 95% confidence intervals, and P-values were calculated with N = 100,000 sampling 
iterations. The ‘minerva’[494] and ‘energy’[487] packages were used to calculate MIC and dCor, 
respectively. Null-hypothesis significance tests were carried out with a significance threshold ⍺ = 
0.05.  
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Chapter 9  
Conclusions and Outlook 
This dissertation examined the activity of a variety of peptides and proteins that are 
involved in biological processes relevant to human health. Specifically, we investigated how these 
peptides and proteins induce membrane curvature to result in the topological changes that underlie 
different membrane-remodeling events. The first several chapters studied synthetic analogs of 
AMPs and CPPs, and the AMP-like activity of a natural protein. In chapter 2, we found that a 
series of nylon-3-based polymeric antimicrobials engages two interdependent mechanisms of 
action: permeabilization of bacterial membranes and binding to intracellular targets such as DNA. 
Chapters 3 and 4 explored α-helical polypeptides characterized by distinct shape-changing, 
adaptable architectures that allow for efficient membrane permeation. Like natural AMPs and 
CPPs, both the nylon-3-based polymers and α-helical polypeptides were shown to induce 
topologically active NGC that correlated with their ability to permeate membranes. In chapter 5, 
we identified previously unrecognized direct antimicrobial activity of cytokine IFN-β. Further 
examination attributed the antimicrobial activity of the full IFN-β protein to a component helix 
that resembled AMPs in terms of structural and compositional properties, and ability to induce 
membrane curvature. As these synthetic analogs and component helix of IFN-β are characterized 
with hydrophobic and cationic domains, we expect their generated membrane curvature to result 
from the combination of hydrophobic insertion and membrane-wrapping mechanisms, which is in 
fact, not unlike natural AMPs and CPPs. 
Chapters 6 and 7 focused on two proteins involved in the membrane fusion events that 
occur during viral entry and fertilization. First, we investigated the C-terminal TMD of the PIV5 
175 
fusion protein and found that it adopts a β-strand-rich conformation in membranes and can 
oligomerize into β-sheets. Secondly, we observed that sperm protein IZUMO1 can facilitate 
gamete membrane fusion through Ca2+-mediated IZUMO1–membrane interactions. In both of 
these systems, the protein-induced membrane curvatures, which result from a coordination of 
mechanisms that likely include hydrophobic insertion and molecular crowding, cooperate with the 
membrane properties to induce the topological changes that enable the formation of hemifusion 
intermediates and fusion pores. 
In chapter 8, we examined two yeast mitochondrial fission machinery proteins, Dnm1 and 
Fis1. Dnm1 is believed to mediate mitochondrial fission through self-assembly into spirals around 
the mitochondrial membrane, which can undergo subsequent mechanochemical constriction. 
However, this constriction of the membrane has been found to be insufficient for fission. In this 
arrangement, Dnm1 oligomers apply the scaffolding mechanism to constrain the membrane into a 
cylindrical shape. Our experiments found that Dnm1–membrane interactions also result in NGC 
generation, which can function synergistically with membrane scaffolding effects to efficiently 
catalyze mitochondrial fission. In contrast, we observed that Fis1 attenuates the pro-fission 
membrane curvature induced by Dnm1, which suggests that the two proteins operate in concert to 
regulate mitochondrial fission. 
Here we have highlighted several examples of peptides and proteins that coordinate 
membrane curvature generation mechanisms to induce the topological changes necessary for a 
variety of membrane-remodeling processes. Furthermore, the studies presented in this dissertation 
collectively emphasize the importance of membrane curvature in enabling membrane restructuring 
in general. Our finding that Fis1 antagonizes the Dnm1-induced membrane curvature effects to 
potentially reduce or inhibit mitochondrial fission introduces the concept of peptides or proteins 
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that can actively counteract the topological changes resulting from membrane curvature 
generation. Thus, this general approach may be applied toward the design of new therapeutics to 
prevent undesired membrane-remodeling events, such as virus–cell fusion during viral infection 
and gamete fusion during fertilization. 
  
177 
References 
 
1. Lodish, H., Berk, A., Zipursky, S.L., Matsudaira, P., Baltimore, D. & Darnell, J. Molecular 
Cell Biology, 4th Edn. (W. H. Freeman and Co., 2000). 
 
2. van Meer, G., Voelker, D.R. & Feigenson, G.W. Membrane lipids: Where they are and 
how they behave. Nat. Rev. Mol. Cell Biol. 9, 112–124 (2008). 
 
3. Sackmann, E. Biological Membranes Architecture and Function. In Handbook of 
Biological Physics, Vol. 1. (eds. Lipowsky, R. & Sackmann, E.) 1–63 (North-Holland, 
1995). 
 
4. Saita, E.A. & de Mendoza, D. Thermosensing via transmembrane protein–lipid 
interactions. Biochim. Biophys. Acta, Biomembr. 1848, 1757–1764 (2015). 
 
5. Epand, R.M. & Epand, R.F. Bacterial membrane lipids in the action of antimicrobial 
agents. J. Pept. Sci. 17, 298–305 (2011). 
 
6. Shearman, G.C., Ces, O., Templer, R.H. & Seddon, J.M. Inverse lyotropic phases of lipids 
and membrane curvature. J. Phys.: Condens. Matter 18, S1105–S1124 (2006). 
 
7. Helfrich, W. Elastic properties of lipid bilayers: Theory and possible experiments. Z. 
Naturforsch. C 28, 693–703 (1973). 
 
8. Siegel, D.P. & Kozlov, M.M. The Gaussian curvature elastic modulus of N-
monomethylated dioleoylphosphatidylethanolamine: Relevance to membrane fusion and 
lipid phase behavior. Biophys. J. 87, 366–374 (2004). 
 
9. Israelachvili, J.N., Marčelja, S. & Horn, R.G. Physical principles of membrane 
organization. Q. Rev. Biophys. 13, 121–200 (1980). 
 
10. Israelachvili, J.N. Intermolecular and Surface Forces, 3rd Edn. (Academic Press, 2011). 
 
11. Seddon, J.M. & Templer, R.H. Polymorphism of Lipid–Water Systems. In Handbook of 
Biological Physics, Vol. 1. (eds. Lipowsky, R. & Sackmann, E.) 97–160 (North-Holland, 
1995). 
 
12. Zasloff, M. Antimicrobial peptides of multicellular organisms. Nature 415, 389–395 
(2002). 
 
13. Shai, Y. Mechanism of the binding, insertion and destabilization of phospholipid bilayer 
membranes by α-helical antimicrobial and cell non-selective membrane-lytic peptides. 
Biochim. Biophys. Acta, Biomembr. 1462, 55–70 (1999). 
 
178 
14. White, S.H. & Wimley, W.C. Membrane protein folding and stability: Physical principles. 
Annu. Rev. Biophys. Biomol. Struct. 28, 319–365 (1999). 
 
15. Bechinger, B. Rationalizing the membrane interactions of cationic amphipathic 
antimicrobial peptides by their molecular shape. Curr. Opin. Colloid Interface Sci. 14, 
349–355 (2009). 
 
16. Dathe, M., Schümann, M., Wieprecht, T., Winkler, A., Beyermann, M., Krause, E., 
Matsuzaki, K., Murase, O. & Bienert, M. Peptide helicity and membrane surface charge 
modulate the balance of electrostatic and hydrophobic interactions with lipid bilayers and 
biological membranes. Biochemistry 35, 12612–12622 (1996). 
 
17. Segrest, J.P., De Loof, H., Dohlman, J.G., Brouillette, C.G. & Anantharamaiah, G.M. 
Amphipathic helix motif: Classes and properties. Proteins: Struct., Funct., Bioinf. 8, 103–
117 (1990). 
 
18. Tytler, E.M., Segrest, J.P., Epand, R.M., Nie, S.Q., Epand, R.F., Mishra, V.K., 
Venkatachalapathi, Y.V. & Anantharamaiah, G.M. Reciprocal effects of apolipoprotein 
and lytic peptide analogs on membranes. Cross-sectional molecular shapes of amphipathic 
α helixes control membrane stability. J. Biol. Chem. 268, 22112–22118 (1993). 
 
19. Zimmerberg, J. & Gawrisch, K. The physical chemistry of biological membranes. Nat. 
Chem. Biol. 2, 564–567 (2006). 
 
20. Campelo, F., McMahon, H.T. & Kozlov, M.M. The hydrophobic insertion mechanism of 
membrane curvature generation by proteins. Biophys. J. 95, 2325–2339 (2008). 
 
21. Zemel, A., Ben-Shaul, A. & May, S. Modulation of the spontaneous curvature and bending 
rigidity of lipid membranes by interfacially adsorbed amphipathic peptides. J. Phys. Chem. 
B 112, 6988–6996 (2008). 
 
22. Epand, R.M., Shai, Y., Segrest, J.P. & Anantharamiah, G.M. Mechanisms for the 
modulation of membrane bilayer properties by amphipathic helical peptides. Biopolymers 
37, 319–338 (1995). 
 
23. Chen, F.-Y., Lee, M.-T. & Huang, H.W. Evidence for membrane thinning effect as the 
mechanism for peptide-induced pore formation. Biophys. J. 84, 3751–3758 (2003). 
 
24. Tristram-Nagle, S., Chan, R., Kooijman, E., Uppamoochikkal, P., Qiang, W., Weliky, D.P. 
& Nagle, J.F. HIV fusion peptide penetrates, disorders, and softens T-cell membrane 
mimics. J. Mol. Biol. 402, 139–153 (2010). 
 
25. Herce, H.D. & Garcia, A.E. Molecular dynamics simulations suggest a mechanism for 
translocation of the HIV-1 TAT peptide across lipid membranes. Proc. Natl. Acad. Sci. U. 
S. A. 104, 20805–20810 (2007). 
 
179 
26. Safinya, C.R., Sirota, E.B., Roux, D. & Smith, G.S. Universality in interacting membranes: 
The effect of cosurfactants on the interfacial rigidity. Phys. Rev. Lett. 62, 1134–1137 
(1989). 
 
27. Szleifer, I., Kramer, D., Ben-Shaul, A., Roux, D. & Gelbart, W.M. Curvature elasticity of 
pure and mixed surfactant films. Phys. Rev. Lett. 60, 1966–1969 (1988). 
 
28. Wieprecht, T., Dathe, M., Epand, R.M., Beyermann, M., Krause, E., Maloy, W.L., 
MacDonald, D.L. & Bienert, M. Influence of the angle subtended by the positively charged 
helix face on the membrane activity of amphipathic, antibacterial peptides. Biochemistry 
36, 12869–12880 (1997). 
 
29. Drin, G. & Antonny, B. Amphipathic helices and membrane curvature. FEBS Lett. 584, 
1840–1847 (2010). 
 
30. Kik, R.A., Leermakers, F.A.M. & Kleijn, J.M. Molecular modeling of protein-like 
inclusions in lipid bilayers: Lipid-mediated interactions. Phys. Rev. E 81, 021915 (2010). 
 
31. Johannsson, A., Keightley, C.A., Smith, G.A., Richards, C.D., Hesketh, T.R. & Metcalfe, 
J.C. The effect of bilayer thickness and n-alkanes on the activity of the (Ca2+ + Mg2+)-
dependent ATPase of sarcoplasmic reticulum. J. Biol. Chem. 256, 1643–1650 (1981). 
 
32. Montecucco, C., Smith, G.A., Dabbeni-sala, F., Johannsson, A., Galante, Y.M. & Bisson, 
R. Bilayer thickness and enzymatic activity in the mitochondrial cytochrome c oxidase and 
ATPase complex. FEBS Lett. 144, 145–148 (1982). 
 
33. Michelangeli, F., Grimes, E.A., East, J.M. & Lee, A.G. Effects of phospholipids on the 
function of the (Ca2+–Mg2+)-ATPase. Biochemistry 30, 342–351 (1991). 
 
34. Cornea, R.L. & Thomas, D.D. Effects of membrane thickness on the molecular dynamics 
and enzymic activity of reconstituted Ca-ATPase. Biochemistry 33, 2912–2920 (1994). 
 
35. de Planque, M.R.R., Goormaghtigh, E., Greathouse, D.V., Koeppe, R.E., Kruijtzer, 
J.A.W., Liskamp, R.M.J., de Kruijff, B. & Killian, J.A. Sensitivity of single membrane-
spanning α-helical peptides to hydrophobic mismatch with a lipid bilayer:  Effects on 
backbone structure, orientation, and extent of membrane incorporation. Biochemistry 40, 
5000–5010 (2001). 
 
36. Botelho, A.V., Huber, T., Sakmar, T.P. & Brown, M.F. Curvature and hydrophobic forces 
drive oligomerization and modulate activity of rhodopsin in membranes. Biophys. J. 91, 
4464–4477 (2006). 
 
37. Lundbæk, J.A., Maer, A.M. & Andersen, O.S. Lipid bilayer electrostatic energy, curvature 
stress, and assembly of gramicidin channels. Biochemistry 36, 5695–5701 (1997). 
 
180 
38. Lee, A.G. How lipids affect the activities of integral membrane proteins. Biochim. Biophys. 
Acta, Biomembr. 1666, 62–87 (2004). 
 
39. Killian, J.A. Hydrophobic mismatch between proteins and lipids in membranes. Biochim. 
Biophys. Acta, Rev. Biomembr. 1376, 401–416 (1998). 
 
40. Watnick, P.I., Chan, S.I. & Dea, P. Hydrophobic mismatch in gramicidin A'/lecithin 
systems. Biochemistry 29, 6215–6221 (1990). 
 
41. de Planque, M.R.R., Greathouse, D.V., Koeppe, R.E., Schäfer, H., Marsh, D. & Killian, 
J.A. Influence of lipid/peptide hydrophobic mismatch on the thickness of 
diacylphosphatidylcholine bilayers. A 2H NMR and ESR study using designed 
transmembrane α-helical peptides and gramicidin A. Biochemistry 37, 9333–9345 (1998). 
 
42. Morein, S., Koeppe Ii, R.E., Lindblom, G., de Kruijff, B. & Antoinette Killian, J. The effect 
of peptide/lipid hydrophobic mismatch on the phase behavior of model membranes 
mimicking the lipid composition in Escherichia coli membranes. Biophys. J. 78, 2475–
2485 (2000). 
 
43. Schmidt, N.W., Mishra, A., Wang, J., DeGrado, W.F. & Wong, G.C.L. Influenza virus A 
M2 protein generates negative gaussian membrane curvature necessary for budding and 
scission. J. Am. Chem. Soc. 135, 13710–13719 (2013). 
 
44. Zimmerberg, J. & Kozlov, M.M. How proteins produce cellular membrane curvature. Nat. 
Rev. Mol. Cell Biol. 7, 9–19 (2006). 
 
45. Farsad, K. & Camilli, P.D. Mechanisms of membrane deformation. Curr. Opin. Cell Biol. 
15, 372–381 (2003). 
 
46. McMahon, H.T. & Gallop, J.L. Membrane curvature and mechanisms of dynamic cell 
membrane remodelling. Nature 438, 590–596 (2005). 
 
47. Baumgart, T., Capraro, B.R., Zhu, C. & Das, S.L. Thermodynamics and mechanics of 
membrane curvature generation and sensing by proteins and lipids. Annu. Rev. Phys. Chem. 
62, 483–506 (2011). 
 
48. Morlot, S. & Roux, A. Mechanics of dynamin-mediated membrane fission. Annu. Rev. 
Biophys. 42, 629–649 (2013). 
 
49. Takei, K., Haucke, V., Slepnev, V., Farsad, K., Salazar, M., Chen, H. & De Camilli, P. 
Generation of coated intermediates of clathrin-mediated endocytosis on protein-free 
liposomes. Cell 94, 131–141 (1998). 
 
50. Hinshaw, J.E. & Schmid, S.L. Dynamin self-assembles into rings suggesting a mechanism 
for coated vesicle budding. Nature 374, 190–192 (1995). 
 
181 
51. Takei, K., McPherson, P.S., Schmid, S.L. & Camilli, P.D. Tubular membrane 
invaginations coated by dynamin rings are induced by GTP-γS in nerve terminals. Nature 
374, 186–190 (1995). 
 
52. Sweitzer, S.M. & Hinshaw, J.E. Dynamin undergoes a GTP-dependent conformational 
change causing vesiculation. Cell 93, 1021–1029 (1998). 
 
53. Marks, B., Stowell, M.H.B., Vallis, Y., Mills, I.G., Gibson, A., Hopkins, C.R. & 
McMahon, H.T. GTPase activity of dynamin and resulting conformation change are 
essential for endocytosis. Nature 410, 231–235 (2001). 
 
54. Takei, K., Slepnev, V.I., Haucke, V. & De Camilli, P. Functional partnership between 
amphiphysin and dynamin in clathrin-mediated endocytosis. Nat. Cell Biol. 1, 33–39 
(1999). 
 
55. Damke, H., Baba, T., Warnock, D.E. & Schmid, S.L. Induction of mutant dynamin 
specifically blocks endocytic coated vesicle formation. J. Cell Biol. 127, 915–934 (1994). 
 
56. McNiven, M.A., Cao, H., Pitts, K.R. & Yoon, Y. The dynamin family of mechanoenzymes: 
pinching in new places. Trends Biochem. Sci. 25, 115–120 (2000). 
 
57. Hinshaw, J.E. Dynamin and its role in membrane fission. Annu. Rev. Cell Dev. Biol. 16, 
483–519 (2000). 
 
58. Zhang, P. & Hinshaw, J.E. Three-dimensional reconstruction of dynamin in the constricted 
state. Nat. Cell Biol. 3, 922–926 (2001). 
 
59. Roux, A., Koster, G., Lenz, M., Sorre, B., Manneville, J.-B., Nassoy, P. & Bassereau, P. 
Membrane curvature controls dynamin polymerization. Proc. Natl. Acad. Sci. U. S. A. 107, 
4141–4146 (2010). 
 
60. Kozlov, M.M., McMahon, H.T. & Chernomordik, L.V. Protein-driven membrane stresses 
in fusion and fission. Trends Biochem. Sci. 35, 699–706 (2010). 
 
61. Graham, T.R. & Kozlov, M.M. Interplay of proteins and lipids in generating membrane 
curvature. Curr. Opin. Cell Biol. 22, 430–436 (2010). 
 
62. Ramachandran, R., Pucadyil, T.J., Liu, Y.-W., Acharya, S., Leonard, M., Lukiyanchuk, V. 
& Schmid, S.L. Membrane insertion of the pleckstrin homology domain variable loop 1 is 
critical for dynamin-catalyzed vesicle scission. Mol. Biol. Cell 20, 4630–4639 (2009). 
 
63. Gallop, J.L. & McMahon, H.T. BAR domains and membrane curvature: Bringing your 
curves to the BAR. Biochem. Soc. Symp. 72, 223–231 (2005). 
 
182 
64. Peter, B.J., Kent, H.M., Mills, I.G., Vallis, Y., Butler, P.J.G., Evans, P.R. & McMahon, 
H.T. BAR domains as sensors of membrane curvature: The amphiphysin BAR structure. 
Science 303, 495–499 (2004). 
 
65. Boucrot, E., Pick, A., Çamdere, G., Liska, N., Evergren, E., McMahon, Harvey T. & 
Kozlov, Michael M. Membrane fission is promoted by insertion of amphipathic helices 
and is restricted by crescent BAR domains. Cell 149, 124–136 (2012). 
 
66. Mashl, R.J. & Bruinsma, R.F. Spontaneous-curvature theory of clathrin-coated 
membranes. Biophys. J. 74, 2862–2875 (1998). 
 
67. Schmid, S.L. Clathrin-coated vesicle formation and protein sorting: An integrated process. 
Annu. Rev. Biochem. 66, 511–548 (1997). 
 
68. Zimmerberg, J. & McLaughlin, S. Membrane curvature: How BAR domains bend bilayers. 
Curr. Biol. 14, R250-R252 (2004). 
 
69. Fotin, A., Cheng, Y., Sliz, P., Grigorieff, N., Harrison, S.C., Kirchhausen, T. & Walz, T. 
Molecular model for a complete clathrin lattice from electron cryomicroscopy. Nature 432, 
573–579 (2004). 
 
70. Nossal, R. Energetics of clathrin basket assembly. Traffic 2, 138–147 (2001). 
 
71. Lee, M.C.S., Orci, L., Hamamoto, S., Futai, E., Ravazzola, M. & Schekman, R. Sar1p N-
terminal helix initiates membrane curvature and completes the fission of a COPII vesicle. 
Cell 122, 605–617 (2005). 
 
72. Bi, X., Corpina, R.A. & Goldberg, J. Structure of the Sec23/24-Sar1 pre-budding complex 
of the COPII vesicle coat. Nature 419, 271–277 (2002). 
 
73. Rothberg, K.G., Heuser, J.E., Donzell, W.C., Ying, Y.-S., Glenney, J.R. & Anderson, 
R.G.W. Caveolin, a protein component of caveolae membrane coats. Cell 68, 673–682 
(1992). 
 
74. Fra, A.M., Williamson, E., Simons, K. & Parton, R.G. De novo formation of caveolae in 
lymphocytes by expression of VIP21-caveolin. Proc. Natl. Acad. Sci. U. S. A. 92, 8655–
8659 (1995). 
 
75. Drab, M., Verkade, P., Elger, M., Kasper, M., Lohn, M., Lauterbach, B., Menne, J., 
Lindschau, C., Mende, F., Luft, F.C., Schedl, A., Haller, H. & Kurzchalia, T.V. Loss of 
caveolae, vascular dysfunction, and pulmonary defects in caveolin-1 gene-disrupted mice. 
Science 293, 2449–2452 (2001). 
 
76. Bassereau, P. Division of labour in ESCRT complexes. Nat. Cell Biol. 12, 422–423 (2010). 
 
183 
77. Wollert, T., Wunder, C., Lippincott-Schwartz, J. & Hurley, J.H. Membrane scission by the 
ESCRT-III complex. Nature 458, 172–177 (2009). 
 
78. Wollert, T. & Hurley, J.H. Molecular mechanism of multivesicular body biogenesis by 
ESCRT complexes. Nature 464, 864–869 (2010). 
 
79. Fabrikant, G., Lata, S., Riches, J.D., Briggs, J.A.G., Weissenhorn, W. & Kozlov, M.M. 
Computational model of membrane fission catalyzed by ESCRT-III. PLoS Comput. Biol. 
5, e1000575 (2009). 
 
80. Kozlov, M.M. & Chernomordik, L.V. The protein coat in membrane fusion: Lessons from 
fission. Traffic 3, 256–267 (2002). 
 
81. Leikina, E., Mittal, A., Cho, M.-S., Melikov, K., Kozlov, M.M. & Chernomordik, L.V. 
Influenza hemagglutinins outside of the contact zone are necessary for fusion pore 
expansion. J. Biol. Chem. 279, 26526–26532 (2004). 
 
82. Lenz, O., Dittmar, M.T., Wagner, A., Ferko, B., Vorauer-Uhl, K., Stiegler, G. & 
Weissenhorn, W. Trimeric membrane-anchored gp41 inhibits HIV membrane fusion. J. 
Biol. Chem. 280, 4095–4101 (2005). 
 
83. Antonny, B. Mechanisms of membrane curvature sensing. Annu. Rev. Biochem. 80, 101–
123 (2011). 
 
84. Pucadyil, T.J. & Schmid, S.L. Real-time visualization of dynamin-catalyzed membrane 
fission and vesicle release. Cell 135, 1263–1275 (2008). 
 
85. Bashkirov, P.V., Akimov, S.A., Evseev, A.I., Schmid, S.L., Zimmerberg, J. & Frolov, V.A. 
GTPase cycle of dynamin is coupled to membrane squeeze and release, leading to 
spontaneous fission. Cell 135, 1276–1286 (2008). 
 
86. Capraro, B.R., Yoon, Y., Cho, W. & Baumgart, T. Curvature sensing by the epsin N-
terminal homology domain measured on cylindrical lipid membrane tethers. J. Am. Chem. 
Soc. 132, 1200–1201 (2010). 
 
87. Ambroggio, E., Sorre, B., Bassereau, P., Goud, B., Manneville, J.B. & Antonny, B. 
ArfGAP1 generates an Arf1 gradient on continuous lipid membranes displaying flat and 
curved regions. EMBO J. 29, 292–303 (2010). 
 
88. Sens, P., Johannes, L. & Bassereau, P. Biophysical approaches to protein-induced 
membrane deformations in trafficking. Curr. Opin. Cell Biol. 20, 476–482 (2008). 
 
89. Leibler, S. Curvature instability in membranes. J. Phys. France 47, 507–516 (1986). 
 
184 
90. Koltover, I., Rädler, J.O. & Safinya, C.R. Membrane mediated attraction and ordered 
aggregation of colloidal particles bound to giant phospholipid vesicles. Phys. Rev. Lett. 82, 
1991–1994 (1999). 
 
91. Goulian, M., Bruinsma, R. & Pincus, P. Long-range forces in heterogeneous fluid 
membranes. Europhys. Lett. 22, 145–150 (1993). 
 
92. Reynwar, B.J., Illya, G., Harmandaris, V.A., Muller, M.M., Kremer, K. & Deserno, M. 
Aggregation and vesiculation of membrane proteins by curvature-mediated interactions. 
Nature 447, 461–464 (2007). 
 
93. Dan, N., Pincus, P. & Safran, S.A. Membrane-induced interactions between inclusions. 
Langmuir 9, 2768–2771 (1993). 
 
94. Stachowiak, J.C., Hayden, C.C. & Sasaki, D.Y. Steric confinement of proteins on lipid 
membranes can drive curvature and tubulation. Proc. Natl. Acad. Sci. U. S. A. 107, 7781–
7786 (2010). 
 
95. Stachowiak, J.C., Schmid, E.M., Ryan, C.J., Ann, H.S., Sasaki, D.Y., Sherman, M.B., 
Geissler, P.L., Fletcher, D.A. & Hayden, C.C. Membrane bending by protein–protein 
crowding. Nat. Cell Biol. 14, 944–949 (2012). 
 
96. Romer, W., Berland, L., Chambon, V., Gaus, K., Windschiegl, B., Tenza, D., Aly, M.R.E., 
Fraisier, V., Florent, J.-C., Perrais, D., Lamaze, C., Raposo, G., Steinem, C., Sens, P., 
Bassereau, P. & Johannes, L. Shiga toxin induces tubular membrane invaginations for its 
uptake into cells. Nature 450, 670–675 (2007). 
 
97. Gil, T., Ipsen, J.H., Mouritsen, O.G., Sabra, M.C., Sperotto, M.M. & Zuckermann, M.J. 
Theoretical analysis of protein organization in lipid membranes. Biochim. Biophys. Acta, 
Rev. Biomembr. 1376, 245–266 (1998). 
 
98. Reynwar, B.J. & Deserno, M. Membrane composition-mediated protein–protein 
interactions. Biointerphases 3, FA117–FA124 (2008). 
 
99. Callan-Jones, A. & Bassereau, P. Curvature-driven membrane lipid and protein 
distribution. Curr. Opin. Solid State Mater. Sci. 17, 143–150 (2013). 
 
100. Sens, P. & Turner, M.S. Theoretical model for the formation of caveolae and similar 
membrane invaginations. Biophys. J. 86, 2049–2057 (2004). 
 
101. Manning, G.S. Limiting laws and counterion condensation in polyelectrolyte solutions. I. 
Colligative properties. J. Chem. Phys. 51, 924–933 (1969). 
 
102. Bruinsma, R. Electrostatics of DNA–cationic lipid complexes: Isoelectric instability. Eur. 
Phys. J. B 4, 75–88 (1998). 
 
185 
103. Wong, G.C.L. & Pollack, L. Electrostatics of strongly charged biological polymers: Ion-
mediated interactions and self-organization in nucleic acids and proteins. Annu. Rev. Phys. 
Chem. 61, 171–189 (2010). 
 
104. Harries, D., May, S., Gelbart, W.M. & Ben-Shaul, A. Structure, stability, and 
thermodynamics of lamellar DNA-lipid complexes. Biophys. J. 75, 159–173 (1998). 
 
105. Raviv, U., Needleman, D.J., Li, Y., Miller, H.P., Wilson, L. & Safinya, C.R. Cationic 
liposome–microtubule complexes: Pathways to the formation of two-state lipid–protein 
nanotubes with open or closed ends. Proc. Natl. Acad. Sci. U. S. A. 102, 11167–11172 
(2005). 
 
106. Raviv, U., Needleman, D.J. & Safinya, C.R. Cationic membranes complexed with 
oppositely charged microtubules: Hierarchical self-assembly leading to bio-nanotubes. J. 
Phys.: Condens. Matter 18, S1271-S1279 (2006). 
 
107. Safinya, C.R., Ewert, K., Ahmad, A., Evans, H.M., Raviv, U., Needleman, D.J., Lin, A.J., 
Slack, N.L., George, C. & Samuel, C.E. Cationic liposome–DNA complexes: from liquid 
crystal science to gene delivery applications. Philos. Trans. R. Soc., A 364, 2573–2596 
(2006). 
 
108. Wong, G.C.L., Tang, J.X., Lin, A., Li, Y., Janmey, P.A. & Safinya, C.R. Hierarchical self-
assembly of F-actin and cationic lipid complexes: Stacked three-layer tubule networks. 
Science 288, 2035–2039 (2000). 
 
109. Koltover, I., Salditt, T., Rädler, J.O. & Safinya, C.R. An inverted hexagonal phase of 
cationic liposome–DNA complexes related to DNA release and delivery. Science 281, 78–
81 (1998). 
 
110. Roberts, R.R., Hota, B., Ahmad, I., Scott, R.D., 2nd, Foster, S.D., Abbasi, F., Schabowski, 
S., Kampe, L.M., Ciavarella, G.G., Supino, M., Naples, J., Cordell, R., Levy, S.B. & 
Weinstein, R.A. Hospital and societal costs of antimicrobial-resistant infections in a 
Chicago teaching hospital: Implications for antibiotic stewardship. Clin. Infect. Dis. 49, 
1175–1184 (2009). 
 
111. Hurdle, J.G., O'Neill, A.J., Chopra, I. & Lee, R.E. Targeting bacterial membrane function: 
An underexploited mechanism for treating persistent infections. Nat. Rev. Microbiol. 9, 
62–75 (2011). 
 
112. Chopra, I., Hesse, L. & O'Neill, A.J. Exploiting current understanding of antibiotic action 
for discovery of new drugs. J. Appl. Microbiol. 92 Suppl, 4S–15S (2002). 
 
113. Levin, B.R. & Rozen, D.E. Non-inherited antibiotic resistance. Nat. Rev. Microbiol. 4, 
556–562 (2006). 
 
186 
114. Coates, A.R.M. & Hu, Y. Targeting non-multiplying organisms as a way to develop novel 
antimicrobials. Trends Pharmacol. Sci. 29, 143–150 (2008). 
 
115. Hancock, R.E.W. & Sahl, H.-G. Antimicrobial and host-defense peptides as new anti-
infective therapeutic strategies. Nat. Biotechnol. 24, 1551–1557 (2006). 
 
116. Schmidt, N.W., Mishra, A., Lai, G.H., Davis, M., Sanders, L.K., Tran, D., Garcia, A., Tai, 
K.P., McCray, P.B., Ouellette, A.J., Selsted, M.E. & Wong, G.C.L. Criterion for amino 
acid composition of defensins and antimicrobial peptides based on geometry of membrane 
destabilization. J. Am. Chem. Soc. 133, 6720–6727 (2011). 
 
117. Brogden, K.A. Antimicrobial peptides: Pore formers or metabolic inhibitors in bacteria? 
Nat. Rev. Microbiol. 3, 238–250 (2005). 
 
118. Marr, A.K., Gooderham, W.J. & Hancock, R.E.W. Antibacterial peptides for therapeutic 
use: Obstacles and realistic outlook. Curr. Opin. Pharmacol. 6, 468–472 (2006). 
 
119. Dürr, U.H.N., Sudheendra, U.S. & Ramamoorthy, A. LL-37, the only human member of 
the cathelicidin family of antimicrobial peptides. Biochim. Biophys. Acta, Biomembr. 1758, 
1408–1425 (2006). 
 
120. Steiner, H., Hultmark, D., Engstrom, A., Bennich, H. & Boman, H.G. Sequence and 
specificity of two antibacterial proteins involved in insect immunity. Nature 292, 246–248 
(1981). 
 
121. Zasloff, M. Magainins, a class of antimicrobial peptides from Xenopus skin: Isolation, 
characterization of two active forms, and partial cDNA sequence of a precursor. Proc. Natl. 
Acad. Sci. U. S. A. 84, 5449–5453 (1987). 
 
122. Matsuzaki, K., Sugishita, K.-i., Ishibe, N., Ueha, M., Nakata, S., Miyajima, K. & Epand, 
R.M. Relationship of membrane curvature to the formation of pores by magainin 2. 
Biochemistry 37, 11856–11863 (1998). 
 
123. Matsuzaki, K. Why and how are peptide–lipid interactions utilized for self-defense? 
Magainins and tachyplesins as archetypes. Biochim. Biophys. Acta, Biomembr. 1462, 1–10 
(1999). 
 
124. Huang, H.W. Action of antimicrobial peptides:  Two-state model. Biochemistry 39, 8347–
8352 (2000). 
 
125. Yang, L., Gordon, V.D., Trinkle, D.R., Schmidt, N.W., Davis, M.A., DeVries, C., Som, 
A., Cronan, J.E., Tew, G.N. & Wong, G.C.L. Mechanism of a prototypical synthetic 
membrane-active antimicrobial: Efficient hole-punching via interaction with negative 
intrinsic curvature lipids. Proc. Natl. Acad. Sci. U. S. A. 105, 20595–20600 (2008). 
 
187 
126. Yang, L., Gordon, V.D., Mishra, A., Som, A., Purdy, K.R., Davis, M.A., Tew, G.N. & 
Wong, G.C.L. Synthetic antimicrobial oligomers induce a composition-dependent 
topological transition in membranes. J. Am. Chem. Soc. 129, 12141–12147 (2007). 
 
127. Afacan, N.J., Yeung, A.T., Pena, O.M. & Hancock, R.E. Therapeutic potential of host 
defense peptides in antibiotic-resistant infections. Curr. Pharm. Des. 18, 807–819 (2012). 
 
128. Vilhena, C. & Bettencourt, A. Daptomycin: A review of properties, clinical use, drug 
delivery and resistance. Mini-Rev. Med. Chem. 12, 202–209 (2012). 
 
129. Zhou, L., Lei, X.-H., Bochner, B.R. & Wanner, B.L. Phenotype microarray analysis of 
Escherichia coli K-12 mutants with deletions of all two-component systems. J. Bacteriol. 
185, 4956–4972 (2003). 
 
130. Matsuo, M., Kato, F., Oogai, Y., Kawai, T., Sugai, M. & Komatsuzawa, H. Distinct two-
component systems in methicillin-resistant Staphylococcus aureus can change the 
susceptibility to antimicrobial agents. J. Antimicrob. Chemother. 65, 1536–1537 (2010). 
 
131. Ernst, C.M. & Peschel, A. Broad-spectrum antimicrobial peptide resistance by MprF-
mediated aminoacylation and flipping of phospholipids. Mol. Microbiol. 80, 290–299 
(2011). 
 
132. Farrell, D.J., Robbins, M., Rhys-Williams, W. & Love, W.G. Investigation of the potential 
for mutational resistance to XF-73, retapamulin, mupirocin, fusidic acid, daptomycin, and 
vancomycin in methicillin-resistant Staphylococcus aureus isolates during a 55-passage 
study. Antimicrob. Agents Chemother. 55, 1177–1181 (2011). 
 
133. Hancock, R.E.W. & McPhee, J.B. Salmonella's sensor for host defense molecules. Cell 
122, 320–322 (2005). 
 
134. Koprivnjak, T. & Peschel, A. Bacterial resistance mechanisms against host defense 
peptides. Cell. Mol. Life Sci. 68, 2243–2254 (2011). 
 
135. Koprivnjak, T., Zhang, D., Ernst, C.M., Peschel, A., Nauseef, W.M. & Weiss, J.P. 
Characterization of Staphylococcus aureus cardiolipin synthases 1 and 2 and their 
contribution to accumulation of cardiolipin in stationary phase and within phagocytes. J. 
Bacteriol. 193, 4134–4142 (2011). 
 
136. McPhee, J.B., Bains, M., Winsor, G., Lewenza, S., Kwasnicka, A., Brazas, M.D., 
Brinkman, F.S.L. & Hancock, R.E.W. Contribution of the PhoP–PhoQ and PmrA–PmrB 
two-component regulatory systems to Mg2+-induced gene regulation in Pseudomonas 
aeruginosa. J. Bacteriol. 188, 3995–4006 (2006). 
 
137. Nizet, V. Antimicrobial peptide resistance mechanisms of human bacterial pathogens. 
Curr. Issues Mol. Biol. 8, 11–26 (2006). 
 
188 
138. Rubio, A., Conrad, M., Haselbeck, R.J., G. C., K., Brown-Driver, V., Finn, J. & Silverman, 
J.A. Regulation of mprF by antisense RNA restores daptomycin susceptibility to 
daptomycin-resistant isolates of Staphylococcus aureus. Antimicrob. Agents Chemother. 
55, 364–367 (2011). 
 
139. Bader, M.W., Sanowar, S., Daley, M.E., Schneider, A.R., Cho, U., Xu, W., Klevit, R.E., 
Le Moual, H. & Miller, S.I. Recognition of antimicrobial peptides by a bacterial sensor 
kinase. Cell 122, 461–472 (2005). 
 
140. Fernandez-Lopez, S., Kim, H.S., Choi, E.C., Delgado, M., Granja, J.R., Khasanov, A., 
Kraehenbuehl, K., Long, G., Weinberger, D.A., Wilcoxen, K.M. & Ghadiri, M.R. 
Antibacterial agents based on the cyclic D,L-α-peptide architecture. Nature 412, 452–455 
(2001). 
 
141. Won, H.S., Jung, S.J., Kim, H.E., Seo, M.D. & Lee, B.J. Systematic peptide engineering 
and structural characterization to search for the shortest antimicrobial peptide analogue of 
gaegurin 5. J. Biol. Chem. 279, 14784–14791 (2004). 
 
142. Chen, Y., Mant, C.T., Farmer, S.W., Hancock, R.E.W., Vasil, M.L. & Hodges, R.S. 
Rational design of α-helical antimicrobial peptides with enhanced activities and 
specificity/therapeutic index. J. Biol. Chem. 280, 12316–12329 (2005). 
 
143. Liu, D. & DeGrado, W.F. De novo design, synthesis, and characterization of antimicrobial 
β-peptides. J. Am. Chem. Soc. 123, 7553–7559 (2001). 
 
144. Porter, E.A., Wang, X., Lee, H.-S., Weisblum, B. & Gellman, S.H. Antibiotics: Non-
haemolytic β-amino-acid oligomers. Nature 404, 565–565 (2000). 
 
145. Hamuro, Y., Schneider, J.P. & DeGrado, W.F. De novo design of antibacterial β-peptides. 
J. Am. Chem. Soc. 121, 12200–12201 (1999). 
 
146. Schmitt, M.A., Weisblum, B. & Gellman, S.H. Unexpected relationships between structure 
and function in α,β-peptides:  Antimicrobial foldamers with heterogeneous backbones. J. 
Am. Chem. Soc. 126, 6848–6849 (2004). 
 
147. Schmitt, M.A., Weisblum, B. & Gellman, S.H. Interplay among folding, sequence, and 
lipophilicity in the antibacterial and hemolytic activities of α/β-peptides. J. Am. Chem. Soc. 
129, 417–428 (2007). 
 
148. Patch, J.A. & Barron, A.E. Helical peptoid mimics of magainin-2 amide. J. Am. Chem. 
Soc. 125, 12092–12093 (2003). 
 
149. Liu, D., Choi, S., Chen, B., Doerksen, R.J., Clements, D.J., Winkler, J.D., Klein, M.L. & 
DeGrado, W.F. Nontoxic membrane-active antimicrobial arylamide oligomers. Angew. 
Chem., Int. Ed. 43, 1158–1162 (2004). 
 
189 
150. Tang, H., Doerksen, R.J., Jones, T.V., Klein, M.L. & Tew, G.N. Biomimetic facially 
amphiphilic antibacterial oligomers with conformationally stiff backbones. Chem. Biol. 13, 
427–435 (2006). 
 
151. Tew, G.N., Clements, D., Tang, H., Arnt, L. & Scott, R.W. Antimicrobial activity of an 
abiotic host defense peptide mimic. Biochim. Biophys. Acta, Biomembr. 1758, 1387–1392 
(2006). 
 
152. Tew, G.N., Liu, D., Chen, B., Doerksen, R.J., Kaplan, J., Carroll, P.J., Klein, M.L. & 
DeGrado, W.F. De novo design of biomimetic antimicrobial polymers. Proc. Natl. Acad. 
Sci. U. S. A. 99, 5110–5114 (2002). 
 
153. Arnt, L., Nüsslein, K. & Tew, G.N. Nonhemolytic abiogenic polymers as antimicrobial 
peptide mimics. J. Polym. Sci., Polym. Chem. Ed. 42, 3860–3864 (2004). 
 
154. Hu, K., Schmidt, N.W., Zhu, R., Jiang, Y., Lai, G.H., Wei, G., Palermo, E.F., Kuroda, K., 
Wong, G.C.L. & Yang, L. A critical evaluation of random copolymer mimesis of 
homogeneous antimicrobial peptides. Macromolecules 46, 1908–1915 (2013). 
 
155. Gelman, M.A., Weisblum, B., Lynn, D.M. & Gellman, S.H. Biocidal activity of 
polystyrenes that are cationic by virtue of protonation. Org. Lett. 6, 557–560 (2004). 
 
156. Mowery, B.P., Lee, S.E., Kissounko, D.A., Epand, R.F., Epand, R.M., Weisblum, B., Stahl, 
S.S. & Gellman, S.H. Mimicry of antimicrobial host-defense peptides by random 
copolymers. J. Am. Chem. Soc. 129, 15474–15476 (2007). 
 
157. Epand, R.F., Mowery, B.P., Lee, S.E., Stahl, S.S., Lehrer, R.I., Gellman, S.H. & Epand, 
R.M. Dual mechanism of bacterial lethality for a cationic sequence-random copolymer that 
mimics host-defense antimicrobial peptides. J. Mol. Biol. 379, 38–50 (2008). 
 
158. Mowery, B.P., Lindner, A.H., Weisblum, B., Stahl, S.S. & Gellman, S.H. 
Structure−activity relationships among random nylon-3 copolymers that mimic 
antibacterial host-defense peptides. J. Am. Chem. Soc. 131, 9735–9745 (2009). 
 
159. Lienkamp, K., Madkour, A.E., Musante, A., Nelson, C.F., Nüsslein, K. & Tew, G.N. 
Antimicrobial polymers prepared by ROMP with unprecedented selectivity: A molecular 
construction kit approach. J. Am. Chem. Soc. 130, 9836–9843 (2008). 
 
160. Palermo, E.F., Vemparala, S. & Kuroda, K. Cationic spacer arm design strategy for control 
of antimicrobial activity and conformation of amphiphilic methacrylate random 
copolymers. Biomacromolecules 13, 1632–1641 (2012). 
 
161. Zhang, J., Kissounko, D.A., Lee, S.E., Gellman, S.H. & Stahl, S.S. Access to poly-β-
peptides with functionalized side chains and end groups via controlled ring-opening 
polymerization of β-lactams. J. Am. Chem. Soc. 131, 1589–1597 (2009). 
 
190 
162. Som, A., Yang, L., Wong, G.C. & Tew, G.N. Divalent metal ion triggered activity of a 
synthetic antimicrobial in cardiolipin membranes. J. Am. Chem. Soc. 131, 15102–15103 
(2009). 
 
163. Bell, R.M., Mavis, R.D. & Vagelos, P.R. Altered phospholipid metabolism in a 
temperature-sensitive mutant of Escherichia coli, CR 34 T 46. Biochim. Biophys. Acta 270, 
504–512 (1972). 
 
164. Clejan, S., Krulwich, T.A., Mondrus, K.R. & Seto-Young, D. Membrane lipid composition 
of obligately and facultatively alkalophilic strains of Bacillus spp. J. Bacteriol. 168, 334–
340 (1986). 
 
165. Epand, R.F., Savage, P.B. & Epand, R.M. Bacterial lipid composition and the antimicrobial 
efficacy of cationic steroid compounds (Ceragenins). Biochim. Biophys. Acta, Biomembr. 
1768, 2500–2509 (2007). 
 
166. Kanemasa, Y., Yoshioka, T. & Hayashi, H. Alteration of the phospholipid composition of 
Staphylococcus aureus cultured in medium containing NaCl. Biochim. Biophys. Acta 280, 
444–450 (1972). 
 
167. Lopez, C.S., Alice, A.F., Heras, H., Rivas, E.A. & Sanchez-Rivas, C. Role of anionic 
phospholipids in the adaptation of Bacillus subtilis to high salinity. Microbiology 152, 605–
616 (2006). 
 
168. Rietveld, A.G., Killian, J.A., Dowhan, W. & de Kruijff, B. Polymorphic regulation of 
membrane phospholipid composition in Escherichia coli. J. Biol. Chem. 268, 12427–
12433 (1993). 
 
169. Saint-Pierre-Chazalet, M., Plasek, J. & Konopasek, I. A monolayer study of properties of 
isolated membrane phospholipids of 'Bacillus subtilis'. Colloids Surf., B 23, 43–49 (2002). 
 
170. Sakayori, Y., Muramatsu, M., Hanada, S., Kamagata, Y., Kawamoto, S. & Shima, J. 
Characterization of Enterococcus faecium mutants resistant to mundticin KS, a class IIa 
bacteriocin. Microbiology 149, 2901–2908 (2003). 
 
171. Jenssen, H., Hamill, P. & Hancock, R.E.W. Peptide antimicrobial agents. Clin. Microbiol. 
Rev. 19, 491–511 (2006). 
 
172. Hsu, C.H., Chen, C., Jou, M.L., Lee, A.Y., Lin, Y.C., Yu, Y.P., Huang, W.T. & Wu, S.H. 
Structural and DNA-binding studies on the bovine antimicrobial peptide, indolicidin: 
Evidence for multiple conformations involved in binding to membranes and DNA. Nucleic 
Acids Res. 33, 4053–4064 (2005). 
 
173. Park, C.B., Kim, H.S. & Kim, S.C. Mechanism of action of the antimicrobial peptide 
buforin II: Buforin II kills microorganisms by penetrating the cell membrane and inhibiting 
cellular functions. Biochem. Biophys. Res. Commun. 244, 253–257 (1998). 
191 
 
174. Brown, K.L. & Hancock, R.E.W. Cationic host defense (antimicrobial) peptides. Curr. 
Opin. Immunol. 18, 24–30 (2006). 
 
175. Bowdish, D.M.E., Davidson, D.J., Scott, M.G. & Hancock, R.E.W. Immunomodulatory 
activities of small host defense peptides. Antimicrob. Agents Chemother. 49, 1727–1732 
(2005). 
 
176. Lehrer, R.I., Barton, A., Daher, K.A., Harwig, S.S., Ganz, T. & Selsted, M.E. Interaction 
of human defensins with Escherichia coli. Mechanism of bactericidal activity. J. Clin. 
Invest. 84, 553–561 (1989). 
 
177. Weeks, C.S., Tanabe, H., Cummings, J.E., Crampton, S.P., Sheynis, T., Jelinek, R., 
Vanderlick, T.K., Cocco, M.J. & Ouellette, A.J. Matrix metalloproteinase-7 activation of 
mouse paneth cell pro-α-defensins: Ser43↓Ile44 proteolysis enables membrane-disruptive 
activity. J. Biol. Chem. 281, 28932–28942 (2006). 
 
178. Falla, T.J., Karunaratne, D.N. & Hancock, R.E.W. Mode of action of the antimicrobial 
peptide indolicidin. J. Biol. Chem. 271, 19298–19303 (1996). 
 
179. Skerlavaj, B., Romeo, D. & Gennaro, R. Rapid membrane permeabilization and inhibition 
of vital functions of Gram-negative bacteria by bactenecins. Infect. Immun. 58, 3724–3730 
(1990). 
 
180. Manning, G.S. Counterion condensation on charged spheres, cylinders, and planes. J. Phys. 
Chem. B 111, 8554–8559 (2007). 
 
181. Sanders, L.K., Xian, W., Guáqueta, C., Strohman, M.J., Vrasich, C.R., Luijten, E. & Wong, 
G.C.L. Control of electrostatic interactions between F-actin and genetically modified 
lysozyme in aqueous media. Proc. Natl. Acad. Sci. U. S. A. 104, 15994–15999 (2007). 
 
182. Sanders, L.K., Guáqueta, C., Angelini, T.E., Lee, J.-W., Slimmer, S.C., Luijten, E. & 
Wong, G.C.L. Structure and stability of self-assembled actin-lysozyme complexes in salty 
water. Phys. Rev. Lett. 95, 108302 (2005). 
 
183. Kubitschek, H.E. & Freedman, M.L. Chromosome replication and the division cycle of 
Escherichia coli B-r. J. Bacteriol. 107, 95–99 (1971). 
 
184. Schwarz, U.S. & Gompper, G. Stability of inverse bicontinuous cubic phases in lipid–water 
mixtures. Phys. Rev. Lett. 85, 1472–1475 (2000). 
 
185. Schmidt, N.W., Lis, M., Zhao, K., Lai, G.H., Alexandrova, A.N., Tew, G.N. & Wong, 
G.C.L. Molecular basis for nanoscopic membrane curvature generation from quantum 
mechanical models and synthetic transporter sequences. J. Am. Chem. Soc. 134, 19207–
19216 (2012). 
 
192 
186. Som, A. & Tew, G.N. Influence of lipid composition on membrane activity of 
antimicrobial phenylene ethynylene oligomers. J. Phys. Chem. B 112, 3495–3502 (2008). 
 
187. Liang, H., Harries, D. & Wong, G.C. Polymorphism of DNA–anionic liposome complexes 
reveals hierarchy of ion-mediated interactions. Proc. Natl. Acad. Sci. U. S. A. 102, 11173–
11178 (2005). 
 
188. Mishra, A., Tai, K.P., Schmidt, N.W., Ouellette, A.J. & Wong, G.C.L. Small-Angle X-Ray 
Scattering Studies of Peptide–Lipid Interactions Using the Mouse Paneth Cell α-Defensin 
Cryptdin-4. In Method Enzymol, Vol. 492. (eds. Michael L. Johnson, J.M.H. & Gary, K.A.) 
127–149 (Academic Press, 2011). 
 
189. Graf, R., Lohaus, G., Börner, K., Schmidt, E. & Bestian, H. β-Lactams, their 
polymerization and use as raw materials for fibers. Angew. Chem., Int. Ed. 1, 481–488 
(1962). 
 
190. Hashimoto, K. Ring-opening polymerization of lactams. Living anionic polymerization 
and its applications. Prog. Polym. Sci. 25, 1411–1462 (2000). 
 
191. Llenado, R.A., Weeks, C.S., Cocco, M.J. & Ouellette, A.J. Electropositive charge in α-
defensin bactericidal activity: Functional effects of Lys-for-Arg substitutions vary with the 
peptide primary structure. Infect. Immun. 77, 5035–5043 (2009). 
 
192. Ilavsky, J. Nika: Software for two-dimensional data reduction. J. Appl. Crystallogr. 45, 
324–328 (2012). 
 
193. Hammersley, A.P. The FIT2D Home Page, 
<http://www.esrf.eu/computing/scientific/FIT2D/> (2017). 
 
194. Humphrey, W., Dalke, A. & Schulten, K. VMD: Visual molecular dynamics. J. Mol. 
Graphics 14, 33–38 (1996). 
 
195. Yanisch-Perron, C., Vieira, J. & Messing, J. Improved M13 phage cloning vectors and host 
strains: Nucleotide sequences of the M13mp18 and pUC19 vectors. Gene 33, 103–119 
(1985). 
 
196. Young, F.E., Smith, C. & Reilly, B.E. Chromosomal location of genes regulating resistance 
to bacteriophage in Bacillus subtilis. J. Bacteriol. 98, 1087–1097 (1969). 
 
197. Nicas, T.I., Wu, C.Y., Hobbs, J.N., Preston, D.A. & Allen, N.E. Characterization of 
vancomycin resistance in Enterococcus faecium and Enterococcus faecalis. Antimicrob. 
Agents Chemother. 33, 1121–1124 (1989). 
 
198. Weisblum, B. & Demohn, V. Erythromycin-inducible resistance in Staphylococcus 
aureus: Survey of antibiotic classes involved. J. Bacteriol. 98, 447–452 (1969). 
 
193 
199. Schmidt, N.W. & Wong, G.C.L. Antimicrobial peptides and induced membrane curvature: 
Geometry, coordination chemistry, and molecular engineering. Curr. Opin. Solid State 
Mater. Sci. 17, 151–163 (2013). 
 
200. Engler, A.C., Wiradharma, N., Ong, Z.Y., Coady, D.J., Hedrick, J.L. & Yang, Y.-Y. 
Emerging trends in macromolecular antimicrobials to fight multi-drug-resistant infections. 
Nano Today 7, 201–222 (2012). 
 
201. Breukink, E. & de Kruijff, B. The lantibiotic nisin, a special case or not? Biochim. Biophys. 
Acta, Biomembr. 1462, 223–234 (1999). 
 
202. Lee, M.W., Chakraborty, S., Schmidt, N.W., Murgai, R., Gellman, S.H. & Wong, G.C.L. 
Two interdependent mechanisms of antimicrobial activity allow for efficient killing in 
nylon-3-based polymeric mimics of innate immunity peptides. Biochim. Biophys. Acta, 
Biomembr. 1838, 2269–2279 (2014). 
 
203. Strömstedt, A.A., Pasupuleti, M., Schmidtchen, A. & Malmsten, M. Evaluation of 
strategies for improving proteolytic resistance of antimicrobial peptides by using variants 
of EFK17, an internal segment of LL-37. Antimicrob. Agents Chemother. 53, 593–602 
(2009). 
 
204. Meng, H. & Kumar, K. Antimicrobial activity and protease stability of peptides containing 
fluorinated amino acids. J. Am. Chem. Soc. 129, 15615–15622 (2007). 
 
205. Bahar, A. & Ren, D. Antimicrobial peptides. Pharmaceuticals 6, 1543–1575 (2013). 
 
206. Porter, E.A., Weisblum, B. & Gellman, S.H. Mimicry of host-defense peptides by 
unnatural oligomers: Antimicrobial β-peptides. J. Am. Chem. Soc. 124, 7324–7330 (2002). 
 
207. Palermo, E.F., Sovadinova, I. & Kuroda, K. Structural determinants of antimicrobial 
activity and biocompatibility in membrane-disrupting methacrylamide random 
copolymers. Biomacromolecules 10, 3098–3107 (2009). 
 
208. Liu, R., Chen, X., Hayouka, Z., Chakraborty, S., Falk, S.P., Weisblum, B., Masters, K.S. 
& Gellman, S.H. Nylon-3 polymers with selective antifungal activity. J. Am. Chem. Soc. 
135, 5270–5273 (2013). 
 
209. Liu, R., Chen, X., Falk, S.P., Mowery, B.P., Karlsson, A.J., Weisblum, B., Palecek, S.P., 
Masters, K.S. & Gellman, S.H. Structure–activity relationships among antifungal nylon-3 
polymers: Identification of materials active against drug-resistant strains of Candida 
albicans. J. Am. Chem. Soc. 136, 4333–4342 (2014). 
 
210. Zhou, C., Qi, X., Li, P., Chen, W.N., Mouad, L., Chang, M.W., Leong, S.S.J. & Chan-
Park, M.B. High potency and broad-spectrum antimicrobial peptides synthesized via ring-
opening polymerization of α-aminoacid-N-carboxyanhydrides. Biomacromolecules 11, 
60–67 (2010). 
194 
 
211. Engler, A.C., Shukla, A., Puranam, S., Buss, H.G., Jreige, N. & Hammond, P.T. Effects of 
side group functionality and molecular weight on the activity of synthetic antimicrobial 
polypeptides. Biomacromolecules 12, 1666–1674 (2011). 
 
212. Chin, W., Yang, C., Ng, V.W.L., Huang, Y., Cheng, J., Tong, Y.W., Coady, D.J., Fan, W., 
Hedrick, J.L. & Yang, Y.Y. Biodegradable broad-spectrum antimicrobial polycarbonates: 
Investigating the role of chemical structure on activity and selectivity. Macromolecules 46, 
8797–8807 (2013). 
 
213. Gabriel, G.J., Maegerlein, J.A., Nelson, C.F., Dabkowski, J.M., Eren, T., Nüsslein, K. & 
Tew, G.N. Comparison of facially amphiphilic versus segregated monomers in the design 
of antibacterial copolymers. Chem. - Eur. J. 15, 433–439 (2009). 
 
214. Colak, S., Nelson, C.F., Nüsslein, K. & Tew, G.N. Hydrophilic modifications of an 
amphiphilic polynorbornene and the effects on its hemolytic and antibacterial activity. 
Biomacromolecules 10, 353–359 (2009). 
 
215. Ng, V.W.L., Ke, X., Lee, A.L.Z., Hedrick, J.L. & Yang, Y.Y. Synergistic co-delivery of 
membrane-disrupting polymers with commercial antibiotics against highly opportunistic 
bacteria. Adv. Mater. 25, 6730–6736 (2013). 
 
216. Nederberg, F., Zhang, Y., Tan, J.P.K., Xu, K., Wang, H., Yang, C., Gao, S., Guo, X.D., 
Fukushima, K., Li, L., Hedrick, J.L. & Yang, Y.-Y. Biodegradable nanostructures with 
selective lysis of microbial membranes. Nat. Chem. 3, 409–414 (2011). 
 
217. Xiong, M., Lee, M.W., Mansbach, R.A., Song, Z., Bao, Y., Peek, R.M., Yao, C., Chen, L.-
F., Ferguson, A.L., Wong, G.C.L. & Cheng, J. Helical antimicrobial polypeptides with 
radial amphiphilicity. Proc. Natl. Acad. Sci. U. S. A. 112, 13155–13160 (2015). 
 
218. Schmidt, N.W., Tai, K.P., Kamdar, K., Mishra, A., Lai, G.H., Zhao, K., Ouellette, A.J. & 
Wong, G.C.L. Arginine in α-defensins: Differential effects on bactericidal activity 
correspond to geometry of membrane curvature generation and peptide-lipid phase 
behavior. J. Biol. Chem. 287, 21866–21872 (2012). 
 
219. Zeiger, A.S. & Layton, B.E. Molecular modeling of the axial and circumferential elastic 
moduli of tubulin. Biophys. J. 95, 3606–3618 (2008). 
 
220. Guthold, M., Liu, W., Sparks, E.A., Jawerth, L.M., Peng, L., Falvo, M., Superfine, R., 
Hantgan, R.R. & Lord, S.T. A comparison of the mechanical and structural properties of 
fibrin fibers with other protein fibers. Cell Biochem. Biophys. 49, 165–181 (2007). 
 
221. Gittes, F., Mickey, B., Nettleton, J. & Howard, J. Flexural rigidity of microtubules and 
actin filaments measured from thermal fluctuations in shape. J. Cell Biol. 120, 923–934 
(1993). 
 
195 
222. Vitkup, D., Ringe, D., Petsko, G.A. & Karplus, M. Solvent mobility and the protein ‘glass’ 
transition. Nat. Struct. Mol. Biol. 7, 34–38 (2000). 
 
223. Ringe, D. & Petsko, G.A. The ‘glass transition’ in protein dynamics: What it is, why it 
occurs, and how to exploit it. Biophys. Chem. 105, 667–680 (2003). 
 
224. Yeaman, M.R. & Yount, N.Y. Mechanisms of antimicrobial peptide action and resistance. 
Pharmacol. Rev. 55, 27–55 (2003). 
 
225. Lee, M.W., Schmidt, N.W. & Wong, G.C.L. Mechanisms of Membrane Curvature 
Generation by Peptides and Proteins: A Unified Perspective on Antimicrobial Peptides. In 
Handbook of Lipid Membranes: Molecular, Functional, and Materials Aspects. (eds. 
Safinya, C.R. & Radler, J.) (Taylor and Francis, in press). 
 
226. Hancock, R.E.W. & Lehrer, R. Cationic peptides: A new source of antibiotics. Trends 
Biotechnol. 16, 82–88 (1998). 
 
227. Milletti, F. Cell-penetrating peptides: Classes, origin, and current landscape. Drug 
Discovery Today 17, 850–860 (2012). 
 
228. Koren, E. & Torchilin, V.P. Cell-penetrating peptides: Breaking through to the other side. 
Trends Mol. Med. 18, 385–393 (2012). 
 
229. Bechara, C. & Sagan, S. Cell-penetrating peptides: 20 years later, where do we stand? 
FEBS Lett. 587, 1693–1702 (2013). 
 
230. Futaki, S., Suzuki, T., Ohashi, W., Yagami, T., Tanaka, S., Ueda, K. & Sugiura, Y. 
Arginine-rich peptides: An abundant source of membrane-permeable peptides having 
potential as carriers for intracellular protein delivery. J. Biol. Chem. 276, 5836–5840 
(2001). 
 
231. Wender, P.A., Galliher, W.C., Goun, E.A., Jones, L.R. & Pillow, T.H. The design of 
guanidinium-rich transporters and their internalization mechanisms. Adv. Drug Delivery 
Rev. 60, 452–472 (2008). 
 
232. Copolovici, D.M., Langel, K., Eriste, E. & Langel, Ü. Cell-penetrating peptides: Design, 
synthesis, and applications. ACS Nano 8, 1972–1994 (2014). 
 
233. Pooga, M. & Langel, Ü. Classes of Cell-Penetrating Peptides. In Cell-Penetrating 
Peptides: Methods and Protocols. (ed. Langel, Ü.) 3–28 (Springer New York, 2015). 
 
234. Lee, E.Y., Fulan, B.M., Wong, G.C.L. & Ferguson, A.L. Mapping membrane activity in 
undiscovered peptide sequence space using machine learning. Proc. Natl. Acad. Sci. U. S. 
A. 113, 13588–13593 (2016). 
 
196 
235. Yao, H., Lee, M.W., Waring, A.J., Wong, G.C.L. & Hong, M. Viral fusion protein 
transmembrane domain adopts β-strand structure to facilitate membrane topological 
changes for virus–cell fusion. Proc. Natl. Acad. Sci. U. S. A. 112, 10926–10931 (2015). 
 
236. Lam, S.J., O'Brien-Simpson, N.M., Pantarat, N., Sulistio, A., Wong, E.H.H., Chen, Y.-Y., 
Lenzo, J.C., Holden, J.A., Blencowe, A., Reynolds, E.C. & Qiao, G.G. Combating 
multidrug-resistant Gram-negative bacteria with structurally nanoengineered antimicrobial 
peptide polymers. Nat. Microbiol. 1, 16162 (2016). 
 
237. Zhao, K., Choe, U.-J., Kamei, D.T. & Wong, G.C.L. Enhanced activity of cyclic transporter 
sequences driven by phase behavior of peptide–lipid complexes. Soft Matter 8, 6430–6433 
(2012). 
 
238. Saleh, A.F., Arzumanov, A., Abes, R., Owen, D., Lebleu, B. & Gait, M.J. Synthesis and 
splice-redirecting activity of branched, arginine-rich peptide dendrimer conjugates of 
peptide nucleic acid oligonucleotides. Bioconjugate Chem. 21, 1902–1911 (2010). 
 
239. Mandal, D., Nasrolahi Shirazi, A. & Parang, K. Cell-penetrating homochiral cyclic 
peptides as nuclear-targeting molecular transporters. Angew. Chem., Int. Ed. 50, 9633–
9637 (2011). 
 
240. Angeles-Boza, A.M., Erazo-Oliveras, A., Lee, Y.-J. & Pellois, J.-P. Generation of 
endosomolytic reagents by branching of cell-penetrating peptides: Tools for the delivery 
of bioactive compounds to live cells in cis or trans. Bioconjugate Chem. 21, 2164–2167 
(2010). 
 
241. Lindemann, F.A. The calculation of molecular vibration frequencies. Phys. Z. 11, 609–612 
(1910). 
 
242. Bilgram, J.H. Dynamics at the solid–liquid transition: Experiments at the freezing point. 
Phys. Rep. 153, 1–89 (1987). 
 
243. Zhou, Y. & Karplus, M. Folding thermodynamics of a model three-helix-bundle protein. 
Proc. Natl. Acad. Sci. U. S. A. 94, 14429–14432 (1997). 
 
244. Lipowsky, R. Critical surface phenomena at first-order bulk transitions. Phys. Rev. Lett. 
49, 1575–1578 (1982). 
 
245. Frenken, J.W.M. & van der Veen, J.F. Observation of surface melting. Phys. Rev. Lett. 54, 
134–137 (1985). 
 
246. Leslie, D.C., Waterhouse, A., Berthet, J.B., Valentin, T.M., Watters, A.L., Jain, A., Kim, 
P., Hatton, B.D., Nedder, A., Donovan, K., Super, E.H., Howell, C., Johnson, C.P., Vu, 
T.L., Bolgen, D.E., Rifai, S., Hansen, A.R., Aizenberg, M., Super, M., Aizenberg, J. & 
Ingber, D.E. A bioinspired omniphobic surface coating on medical devices prevents 
thrombosis and biofouling. Nat. Biotechnol. 32, 1134–1140 (2014). 
197 
 
247. MacCallum, N., Howell, C., Kim, P., Sun, D., Friedlander, R., Ranisau, J., Ahanotu, O., 
Lin, J.J., Vena, A., Hatton, B., Wong, T.-S. & Aizenberg, J. Liquid-infused silicone as a 
biofouling-free medical material. ACS Biomater. Sci. Eng. 1, 43–51 (2015). 
 
248. Nosonovsky, M. Materials science: Slippery when wetted. Nature 477, 412–413 (2011). 
 
249. Munoz, V., Blanco, F.J. & Serrano, L. The hydrophobic-staple motif and a role for loop-
residues in α-helix stability and protein folding. Nat. Struct. Mol. Biol. 2, 380–385 (1995). 
 
250. Matsuzaki, K., Nakamura, A., Murase, O., Sugishita, K., Fujii, N. & Miyajima, K. 
Modulation of magainin 2−lipid bilayer interactions by peptide charge. Biochemistry 36, 
2104–2111 (1997). 
 
251. Chiti, F., Stefani, M., Taddei, N., Ramponi, G. & Dobson, C.M. Rationalization of the 
effects of mutations on peptide and protein aggregation rates. Nature 424, 805–808 (2003). 
 
252. Yin, L.M., Edwards, M.A., Li, J., Yip, C.M. & Deber, C.M. Roles of hydrophobicity and 
charge distribution of cationic antimicrobial peptides in peptide–membrane interactions. J. 
Biol. Chem. 287, 7738–7745 (2012). 
 
253. Lu, H., Wang, J., Bai, Y., Lang, J.W., Liu, S., Lin, Y. & Cheng, J. Ionic polypeptides with 
unusual helical stability. Nat. Commun. 2, 206 (2011). 
 
254. Gabrielson, N.P., Lu, H., Yin, L., Li, D., Wang, F. & Cheng, J. Reactive and bioactive 
cationic α-helical polypeptide template for nonviral gene delivery. Angew. Chem., Int. Ed. 
51, 1143–1147 (2012). 
 
255. Tang, H., Yin, L., Kim, K.H. & Cheng, J. Helical poly(arginine) mimics with superior cell-
penetrating and molecular transporting properties. Chem. Sci. 4, 3839–3844 (2013). 
 
256. Bechinger, B. The structure, dynamics and orientation of antimicrobial peptides in 
membranes by multidimensional solid-state NMR spectroscopy. Biochim. Biophys. Acta, 
Biomembr. 1462, 157–183 (1999). 
 
257. Gennaro, R. & Zanetti, M. Structural features and biological activities of the cathelicidin-
derived antimicrobial peptides. Biopolymers 55, 31–49 (2000). 
 
258. Chen, H.-C., Brown, J.H., Morell, J.L. & Huang, C.M. Synthetic magainin analogues with 
improved antimicrobial activity. FEBS Lett. 236, 462–466 (1988). 
 
259. Blondelle, S.E. & Houghten, R.A. Design of model amphipathic peptides having potent 
antimicrobial activities. Biochemistry 31, 12688–12694 (1992). 
 
260. Mishra, A., Lai, G.H., Schmidt, N.W., Sun, V.Z., Rodriguez, A.R., Tong, R., Tang, L., 
Cheng, J., Deming, T.J., Kamei, D.T. & Wong, G.C.L. Translocation of HIV TAT peptide 
198 
and analogues induced by multiplexed membrane and cytoskeletal interactions. Proc. Natl. 
Acad. Sci. U. S. A. 108, 16883–16888 (2011). 
 
261. Schmidt, N., Mishra, A., Lai, G.H. & Wong, G.C.L. Arginine-rich cell-penetrating 
peptides. FEBS Lett. 584, 1806–1813 (2010). 
 
262. Mishra, A., Gordon, V.D., Yang, L., Coridan, R. & Wong, G.C.L. HIV TAT forms pores 
in membranes by inducing saddle-splay curvature: Potential role of bidentate hydrogen 
bonding. Angew. Chem., Int. Ed. 47, 2986–2989 (2008). 
 
263. Gelbart, W.M., Ben-Shaul, A. & Roux, D. (eds.) Micelles, Membranes, Microemulsions, 
and Monolayers. (Springer-Verlag, 1994). 
 
264. Tamba, Y., Ariyama, H., Levadny, V. & Yamazaki, M. Kinetic pathway of antimicrobial 
peptide magainin 2-induced pore formation in lipid membranes. J. Phys. Chem. B 114, 
12018–12026 (2010). 
 
265. Hong, S., Leroueil, P.R., Janus, E.K., Peters, J.L., Kober, M.-M., Islam, M.T., Orr, B.G., 
Baker, J.R. & Banaszak Holl, M.M. Interaction of polycationic polymers with supported 
lipid bilayers and cells:  Nanoscale hole formation and enhanced membrane permeability. 
Bioconjugate Chem. 17, 728–734 (2006). 
 
266. Takechi, Y., Yoshii, H., Tanaka, M., Kawakami, T., Aimoto, S. & Saito, H. 
Physicochemical mechanism for the enhanced ability of lipid membrane penetration of 
polyarginine. Langmuir 27, 7099–7107 (2011). 
 
267. Herce, H.D. & Garcia, A.E. Cell penetrating peptides: How do they do it? J. Biol. Phys. 
33, 345–356 (2008). 
 
268. Herce, H.D., Garcia, A.E., Litt, J., Kane, R.S., Martin, P., Enrique, N., Rebolledo, A. & 
Milesi, V. Arginine-rich peptides destabilize the plasma membrane, consistent with a pore 
formation translocation mechanism of cell-penetrating peptides. Biophys. J. 97, 1917–1925 
(2009). 
 
269. Matsuzaki, K., Murase, O. & Miyajima, K. Kinetics of pore formation by an antimicrobial 
peptide, magainin 2, in phospholipid bilayers. Biochemistry 34, 12553–12559 (1995). 
 
270. Tang, M., Waring, A.J. & Hong, M. Phosphate-mediated arginine insertion into lipid 
membranes and pore formation by a cationic membrane peptide from solid-state NMR. J. 
Am. Chem. Soc. 129, 11438–11446 (2007). 
 
271. Matsuzaki, K., Murase, O., Fujii, N. & Miyajima, K. Translocation of a channel-forming 
antimicrobial peptide, magainin 2, across lipid bilayers by forming a pore. Biochemistry 
34, 6521–6526 (1995). 
 
199 
272. Bárány-Wallje, E., Gaur, J., Lundberg, P., Langel, Ü. & Gräslund, A. Differential 
membrane perturbation caused by the cell penetrating peptide Tp10 depending on attached 
cargo. FEBS Lett. 581, 2389–2393 (2007). 
 
273. Deshayes, S., Heitz, A., Morris, M.C., Charnet, P., Divita, G. & Heitz, F. Insight into the 
mechanism of internalization of the cell-penetrating carrier peptide Pep-1 through 
conformational analysis. Biochemistry 43, 1449–1457 (2004). 
 
274. Walrant, A., Vogel, A., Correia, I., Lequin, O., Olausson, B.E.S., Desbat, B., Sagan, S. & 
Alves, I.D. Membrane interactions of two arginine-rich peptides with different cell 
internalization capacities. Biochim. Biophys. Acta, Biomembr. 1818, 1755–1763 (2012). 
 
275. Balayssac, S., Burlina, F., Convert, O., Bolbach, G., Chassaing, G. & Lequin, O. 
Comparison of penetratin and other homeodomain-derived cell-penetrating peptides:  
Interaction in a membrane-mimicking environment and cellular uptake efficiency. 
Biochemistry 45, 1408–1420 (2006). 
 
276. Tiriveedhi, V. & Butko, P. A fluorescence spectroscopy study on the interactions of the 
TAT-PTD peptide with model lipid membranes. Biochemistry 46, 3888–3895 (2007). 
 
277. Mai, J.C., Shen, H., Watkins, S.C., Cheng, T. & Robbins, P.D. Efficiency of protein 
transduction is cell type-dependent and is enhanced by dextran sulfate. J. Biol. Chem. 277, 
30208–30218 (2002). 
 
278. Blondelle, S.E., Lohner, K. & Aguilar, M.-I. Lipid-induced conformation and lipid-binding 
properties of cytolytic and antimicrobial peptides: Determination and biological 
specificity. Biochim. Biophys. Acta, Biomembr. 1462, 89–108 (1999). 
 
279. Wender, P.A., Mitchell, D.J., Pattabiraman, K., Pelkey, E.T., Steinman, L. & Rothbard, 
J.B. The design, synthesis, and evaluation of molecules that enable or enhance cellular 
uptake: Peptoid molecular transporters. Proc. Natl. Acad. Sci. U. S. A. 97, 13003–13008 
(2000). 
 
280. Tünnemann, G., Ter-Avetisyan, G., Martin, R.M., Stöckl, M., Herrmann, A. & Cardoso, 
M.C. Live-cell analysis of cell penetration ability and toxicity of oligo-arginines. J. Pept. 
Sci. 14, 469–476 (2008). 
 
281. Mitchell, D.J., Steinman, L., Kim, D.T., Fathman, C.G. & Rothbard, J.B. Polyarginine 
enters cells more efficiently than other polycationic homopolymers. J. Pept. Res. 56, 318–
325 (2000). 
 
282. Israelachvili, J.N., Mitchell, D.J. & Ninham, B.W. Theory of self-assembly of lipid bilayers 
and vesicles. Biochim. Biophys. Acta, Biomembr. 470, 185–201 (1977). 
 
283. May, S. A molecular model for the line tension of lipid membranes. Eur. Phys. J. E: Soft 
Matter Biol. Phys. 3, 37–44 (2000). 
200 
 
284. May, S. & Ben-Shaul, A. A molecular model for lipid-mediated interaction between 
proteins in membranes. Phys. Chem. Chem. Phys. 2, 4494–4502 (2000). 
 
285. Hay, J.C. Calcium: A fundamental regulator of intracellular membrane fusion? EMBO Rep. 
8, 236–240 (2007). 
 
286. Helfrich, W. Tension-Induced Mutual Adhesion and a Conjectured Superstructure of Lipid 
Membranes. In Handbook of Biological Physics, Vol. 1. (eds. Lipowsky, R. & Sackmann, 
E.) 691–721 (North-Holland, 1995). 
 
287. Lu, H. & Cheng, J. N-trimethylsilyl amines for controlled ring-opening polymerization of 
amino acid N-carboxyanhydrides and facile end group functionalization of polypeptides. 
J. Am. Chem. Soc. 130, 12562–12563 (2008). 
 
288. Lu, H. & Cheng, J. Hexamethyldisilazane-mediated controlled polymerization of α-amino 
acid N-carboxyanhydrides. J. Am. Chem. Soc. 129, 14114–14115 (2007). 
 
289. Zasloff, M., Adams, A.P., Beckerman, B., Campbell, A., Han, Z., Luijten, E., Meza, I., 
Julander, J., Mishra, A., Qu, W., Taylor, J.M., Weaver, S.C. & Wong, G.C.L. Squalamine 
as a broad-spectrum systemic antiviral agent with therapeutic potential. Proc. Natl. Acad. 
Sci. U. S. A. 108, 15978–15983 (2011). 
 
290. Cooke, I.R. & Deserno, M. Solvent-free model for self-assembling fluid bilayer 
membranes: Stabilization of the fluid phase based on broad attractive tail potentials. J. 
Chem. Phys. 123, 224710 (2005). 
 
291. Tieleman, D.P., Marrink, S.J. & Berendsen, H.J.C. A computer perspective of membranes: 
molecular dynamics studies of lipid bilayer systems. Biochim. Biophys. Acta, Rev. 
Biomembr. 1331, 235–270 (1997). 
 
292. May, S. Lipid Membranes: Mean-Field Continuum Electrostatics. In Encyclopedia of 
Surface and Colloid Science, 3rd Edn. 3792–3806 (CRC Press, 2015). 
 
293. Platanias, L.C. Mechanisms of type-I- and type-II-interferon-mediated signalling. Nat. 
Rev. Immunol. 5, 375–386 (2005). 
 
294. Monroe, K.M., McWhirter, S.M. & Vance, R.E. Induction of type I interferons by bacteria. 
Cell. Microbiol. 12, 881–890 (2010). 
 
295. Rizza, P., Moretti, F. & Belardelli, F. Recent advances on the immunomodulatory effects 
of IFN-α: Implications for cancer immunotherapy and autoimmunity. Autoimmunity 43, 
204–209 (2010). 
 
296. González-Navajas, J.M., Lee, J., David, M. & Raz, E. Immunomodulatory functions of 
type I interferons. Nat. Rev. Immunol. 12, 125–135 (2012). 
201 
 
297. Zhang, S.-Y., Boisson-Dupuis, S., Chapgier, A., Yang, K., Bustamante, J., Puel, A., Picard, 
C., Abel, L., Jouanguy, E. & Casanova, J.-L. Inborn errors of interferon (IFN)-mediated 
immunity in humans: Insights into the respective roles of IFN-α/β, IFN-γ, and IFN-λ in 
host defense. Immunol. Rev. 226, 29–40 (2008). 
 
298. Wertheim, H.F.L., Melles, D.C., Vos, M.C., van Leeuwen, W., van Belkum, A., Verbrugh, 
H.A. & Nouwen, J.L. The role of nasal carriage in Staphylococcus aureus infections. 
Lancet Infect. Dis. 5, 751–762 (2005). 
 
299. Miller, L.S. & Cho, J.S. Immunity against Staphylococcus aureus cutaneous infections. 
Nat. Rev. Immunol. 11, 505–518 (2011). 
 
300. Ganz, T. Defensins: Antimicrobial peptides of innate immunity. Nat. Rev. Immunol. 3, 
710–720 (2003). 
 
301. Peschel, A. & Sahl, H.-G. The co-evolution of host cationic antimicrobial peptides and 
microbial resistance. Nat. Rev. Microbiol. 4, 529–536 (2006). 
 
302. Gallo, R.L. & Hooper, L.V. Epithelial antimicrobial defence of the skin and intestine. Nat. 
Rev. Immunol. 12, 503–516 (2012). 
 
303. Kaplan, A., Lee, M.W., Wolf, A.J., Limon, J.J., Becker, C.A., Ding, M., Murali, R., Lee, 
E.Y., Liu, G.Y., Wong, G.C.L. & Underhill, D.M. Direct antimicrobial activity of IFN-β. 
J. Immunol. 198, 4036–4045 (2017). 
 
304. Eisenberg, D., Weiss, R.M., Terwilliger, T.C. & Wilcox, W. Hydrophobic moments and 
protein structure. Faraday Symp. Chem. Soc. 17, 109–120 (1982). 
 
305. Wang, G., Li, X. & Wang, Z. APD2: The updated antimicrobial peptide database and its 
application in peptide design. Nucleic Acids Res. 37, D933–D937 (2009). 
 
306. Yount, N.Y. & Yeaman, M.R. Emerging themes and therapeutic prospects for anti-
infective peptides. Annu. Rev. Pharmacol. Toxicol. 52, 337–360 (2012). 
 
307. Meller, S., Di Domizio, J., Voo, K.S., Friedrich, H.C., Chamilos, G., Ganguly, D., Conrad, 
C., Gregorio, J., Le Roy, D., Roger, T., Ladbury, J.E., Homey, B., Watowich, S., Modlin, 
R.L., Kontoyiannis, D.P., Liu, Y.-J., Arold, S.T. & Gilliet, M. TH17 cells promote 
microbial killing and innate immune sensing of DNA via interleukin 26. Nat. Immunol. 16, 
970–979 (2015). 
 
308. Epand, R.M. & Epand, R.F. Lipid domains in bacterial membranes and the action of 
antimicrobial agents. Biochim. Biophys. Acta, Biomembr. 1788, 289–294 (2009). 
 
202 
309. Kamysz, E., Sikorska, E., Karafova, A. & Dawgul, M. Synthesis, biological activity and 
conformational analysis of head-to-tail cyclic analogues of LL37 and histatin 5. J. Pept. 
Sci. 18, 560–566 (2012). 
 
310. Lamb, R.A. & Jardetzky, T.S. Structural basis of viral invasion: Lessons from 
paramyxovirus F. Curr. Opin. Struct. Biol. 17, 427–436 (2007). 
 
311. Harrison, S.C. Viral membrane fusion. Nat. Struct. Mol. Biol. 15, 690–698 (2008). 
 
312. Eckert, D.M. & Kim, P.S. Mechanisms of viral membrane fusion and its inhibition. Annu. 
Rev. Biochem. 70, 777–810 (2001). 
 
313. Tamm, L.K. Hypothesis: Spring-loaded boomerang mechanism of influenza 
hemagglutinin-mediated membrane fusion. Biochim. Biophys. Acta 1614, 14–23 (2003). 
 
314. White, J.M., Delos, S.E., Brecher, M. & Schornberg, K. Structures and mechanisms of 
viral membrane fusion proteins: Multiple variations on a common theme. Crit. Rev. 
Biochem. Mol. Biol. 43, 189–219 (2008). 
 
315. Chernomordik, L.V. & Kozlov, M.M. Mechanics of membrane fusion. Nat. Struct. Mol. 
Biol. 15, 675–683 (2008). 
 
316. Tamm, L.K., Crane, J. & Kiessling, V. Membrane fusion: A structural perspective on the 
interplay of lipids and proteins. Curr. Opin. Struct. Biol. 13, 453–466 (2003). 
 
317. Qiang, W., Sun, Y. & Weliky, D.P. A strong correlation between fusogenicity and 
membrane insertion depth of the HIV fusion peptide. Proc. Natl. Acad. Sci. U. S. A. 106, 
15314–15319 (2009). 
 
318. Lai, A.L., Moorthy, A.E., Li, Y. & Tamm, L.K. Fusion activity of HIV gp41 fusion domain 
is related to its secondary structure and depth of membrane insertion in a cholesterol-
dependent fashion. J. Mol. Biol. 418, 3–15 (2012). 
 
319. Lorieau, J.L., Louis, J.M. & Bax, A. The complete influenza hemagglutinin fusion domain 
adopts a tight helical hairpin arrangement at the lipid:water interface. Proc. Natl. Acad. Sci. 
U. S. A. 107, 11341–11346 (2010). 
 
320. Yao, H. & Hong, M. Conformation and lipid interaction of the fusion peptide of the 
paramyxovirus PIV5 in anionic and negative-curvature membranes from solid-state NMR. 
J. Am. Chem. Soc. 136, 2611–2624 (2014). 
 
321. Bissonnette, M.L., Donald, J.E., DeGrado, W.F., Jardetzky, T.S. & Lamb, R.A. Functional 
analysis of the transmembrane domain in paramyxovirus F protein-mediated membrane 
fusion. J. Mol. Biol. 386, 14–36 (2009). 
 
203 
322. Smith, E.C., Culler, M.R., Hellman, L.M., Fried, M.G., Creamer, T.P. & Dutch, R.E. 
Beyond anchoring: The expanding role of the hendra virus fusion protein transmembrane 
domain in protein folding, stability, and function. J. Virol. 86, 3003–3013 (2012). 
 
323. Tatulian, S.A. & Tamm, L.K. Secondary structure, orientation, oligomerization, and lipid 
interactions of the transmembrane domain of influenza hemagglutinin. Biochemistry 39, 
496–507 (2000). 
 
324. Lakomek, N.A., Kaufman, J.D., Stahl, S.J., Louis, J.M., Grishaev, A., Wingfield, P.T. & 
Bax, A. Internal dynamics of the homotrimeric HIV-1 viral coat protein gp41 on multiple 
time scales. Angew. Chem., Int. Ed. 52, 3911–3915 (2013). 
 
325. Dennison, S.M., Greenfield, N., Lenard, J. & Lentz, B.R. VSV transmembrane domain 
(TMD) peptide promotes PEG-mediated fusion of liposomes in a conformationally 
sensitive fashion. Biochemistry 41, 14925–14934 (2002). 
 
326. Langosch, D., Crane, J.M., Brosig, B., Hellwig, A., Tamm, L.K. & Reed, J. Peptide mimics 
of SNARE transmembrane segments drive membrane fusion depending on their 
conformational plasticity. J. Mol. Biol. 311, 709–721 (2001). 
 
327. Gravel, K.A., McGinnes, L.W., Reitter, J. & Morrison, T.G. The transmembrane domain 
sequence affects the structure and function of the Newcastle disease virus fusion protein. 
J. Virol. 85, 3486–3497 (2011). 
 
328. Zokarkar, A. & Lamb, R.A. The paramyxovirus fusion protein C-terminal region: 
Mutagenesis indicates an indivisible protein unit. J. Virol. 86, 2600–2609 (2012). 
 
329. Kemble, G.W., Danieli, T. & White, J.M. Lipid-anchored influenza hemagglutinin 
promotes hemifusion, not complete fusion. Cell 76, 383–391 (1994). 
 
330. Melikyan, G.B., Brener, S.A., Ok, D.C. & Cohen, F.S. Inner but not outer membrane 
leaflets control the transition from glycosylphosphatidylinositol-anchored influenza 
hemagglutinin-induced hemifusion to full fusion. J. Cell Biol. 136, 995–1005 (1997). 
 
331. Chang, A. & Dutch, R.E. Paramyxovirus fusion and entry: Multiple paths to a common 
end. Viruses 4, 613–636 (2012). 
 
332. Jardetzky, T.S. & Lamb, R.A. Activation of paramyxovirus membrane fusion and virus 
entry. Curr. Opin. Virol. 5C, 24–33 (2014). 
 
333. Squires, A.M., Templer, R.H., Seddon, J.M., Woenckhaus, J., Winter, R., Finet, S. & 
Theyencheri, N. Kinetics and mechanism of the lamellar to gyroid inverse bicontinuous 
cubic phase transition. Langmuir 18, 7384–7392 (2002). 
 
334. Siegel, D.P. Fourth-order curvature energy model for the stability of bicontinuous inverted 
cubic phases in amphiphile–water systems. Langmuir 26, 8673–8683 (2010). 
204 
 
335. Leermakers, F.A. Bending rigidities of surfactant bilayers using self-consistent field 
theory. J. Chem. Phys. 138, 154109 (2013). 
 
336. Epand, R.M. Lipid polymorphism and protein–lipid interactions. Biochim. Biophys. Acta, 
Rev. Biomembr. 1376, 353–368 (1998). 
 
337. Terrier, O., Rolland, J.-P., Rosa-Calatrava, M., Lina, B., Thomas, D. & Moules, V. 
Parainfluenza virus type 5 (PIV-5) morphology revealed by cryo-electron microscopy. 
Virus Res. 142, 200–203 (2009). 
 
338. Siegel, D.P. The modified stalk mechanism of lamellar/inverted phase transitions and its 
implications for membrane fusion. Biophys. J. 76, 291–313 (1999). 
 
339. Lewis, R.N., McElhaney, R.N., Harper, P.E., Turner, D.C. & Gruner, S.M. Studies of the 
thermotropic phase behavior of phosphatidylcholines containing 2-alkyl substituted fatty 
acyl chains: A new class of phosphatidylcholines forming inverted nonlamellar phases. 
Biophys. J. 66, 1088–1103 (1994). 
 
340. Gerl, M.J., Sampaio, J.L., Urban, S., Kalvodova, L., Verbavatz, J.M., Binnington, B., 
Lindemann, D., Lingwood, C.A., Shevchenko, A., Schroeder, C. & Simons, K. 
Quantitative analysis of the lipidomes of the influenza virus envelope and MDCK cell 
apical membrane. J. Cell Biol. 196, 213–221 (2012). 
 
341. Cady, S.D., Goodman, C., Tatko, C., DeGrado, W.F. & Hong, M. Determining the 
orientation of uniaxially rotating membrane proteins using unoriented samples: A 2H, 13C, 
and 15N solid-state NMR investigation of the dynamics and orientation of a transmembrane 
helical bundle. J. Am. Chem. Soc. 129, 5719–5729 (2007). 
 
342. Hofmann, M.W., Weise, K., Ollesch, J., Agrawal, P., Stalz, H., Stelzer, W., Hulsbergen, 
F., de Groot, H., Gerwert, K., Reed, J. & Langosch, D. De novo design of conformationally 
flexible transmembrane peptides driving membrane fusion. Proc. Natl. Acad. Sci. U. S. A. 
101, 14776–14781 (2004). 
 
343. Poschner, B.C., Fischer, K., Herrmann, J.R., Hofmann, M.W. & Langosch, D. Structural 
features of fusogenic model transmembrane domains that differentially regulate inner and 
outer leaflet mixing in membrane fusion. Mol. Membr. Biol. 27, 1–11 (2010). 
 
344. Yao, H. & Hong, M. Membrane-dependent conformation, dynamics, and lipid interactions 
of the fusion peptide of the paramyxovirus PIV5 from solid-state NMR. J. Mol. Biol. 425, 
563–576 (2013). 
 
345. Martens, S. & McMahon, H.T. Mechanisms of membrane fusion: Disparate players and 
common principles. Nat. Rev. Mol. Cell Biol. 9, 543–556 (2008). 
 
205 
346. Inoue, N., Ikawa, M., Isotani, A. & Okabe, M. The immunoglobulin superfamily protein 
Izumo is required for sperm to fuse with eggs. Nature 434, 234–238 (2005). 
 
347. Bianchi, E., Doe, B., Goulding, D. & Wright, G.J. Juno is the egg Izumo receptor and is 
essential for mammalian fertilization. Nature 508, 483–487 (2014). 
 
348. Han, L., Nishimura, K., Sadat Al Hosseini, H., Bianchi, E., Wright, G.J. & Jovine, L. 
Divergent evolution of vitamin B9 binding underlies Juno-mediated adhesion of 
mammalian gametes. Curr. Biol. 26, R100–R101 (2016). 
 
349. Kato, K., Satouh, Y., Nishimasu, H., Kurabayashi, A., Morita, J., Fujihara, Y., Oji, A., 
Ishitani, R., Ikawa, M. & Nureki, O. Structural and functional insights into IZUMO1 
recognition by JUNO in mammalian fertilization. Nat. Commun. 7, 12198 (2016). 
 
350. Inoue, N., Hamada, D., Kamikubo, H., Hirata, K., Kataoka, M., Yamamoto, M., Ikawa, 
M., Okabe, M. & Hagihara, Y. Molecular dissection of IZUMO1, a sperm protein essential 
for sperm-egg fusion. Development 140, 3221–3229 (2013). 
 
351. Papahadjopoulos, D., Nir, S. & Düzgünes, N. Molecular mechanisms of calcium-induced 
membrane fusion. J. Bioenerg. Biomembr. 22, 157–179 (1990). 
 
352. Papahadjopoulos, D., Meers, P.R., Hong, K., Ernst, J.D., Goldstein, I.M. & Düzgünes, N. 
Calcium-Induced Membrane Fusion: From Liposomes to Cellular Membranes. In 
Molecular Mechanisms of Membrane Fusion. (eds. Ohki, S., Doyle, D., Flanagan, T.D., 
Hui, S.W. & Mayhew, E.) 1–16 (Springer US, 1988). 
 
353. Yanagimachi, R. Calcium requirement for sperm-egg fusion in mammals. Biol. Reprod. 
19, 949–958 (1978). 
 
354. Fraser, L.R. Minimum and maximum extracellular Ca2+ requirements during mouse sperm 
capacitation and fertilization in vitro. J. Reprod. Fertil. 81, 77–89 (1987). 
 
355. Abeydeera, L.R. & Day, B.N. In vitro penetration of pig oocytes in a modified Tris-
buffered medium: Effect of BSA, caffeine and calcium. Theriogenology 48, 537–544 
(1997). 
 
356. Iwamatsu, T. & Chang, M.C. Factors involved in the fertilization of mouse eggs in vitro. 
J. Reprod. Fertil. 26, 197–208 (1971). 
 
357. Grippo, A.A., Henault, M.A., Anderson, S.H. & Killian, G.J. Cation concentrations in fluid 
from the oviduct ampulla and isthmus of cows during the estrous cycle. J. Dairy Sci. 75, 
58–65 (1992). 
 
358. Restall, B.J. & Wales, R.G. The fallopian tube of the sheep. V. Secretion from the ampulla 
and isthmus. Aust. J. Bio. Sci. 21, 491–498 (1968). 
 
206 
359. Hugentobler, S.A., Morris, D.G., Sreenan, J.M. & Diskin, M.G. Ion concentrations in 
oviduct and uterine fluid and blood serum during the estrous cycle in the bovine. 
Theriogenology 68, 538–548 (2007). 
 
360. Churchward, M.A., Rogasevskaia, T., Brandman, D.M., Khosravani, H., Nava, P., 
Atkinson, J.K. & Coorssen, J.R. Specific lipids supply critical negative spontaneous 
curvature — An essential component of native Ca2+-triggered membrane fusion. Biophys. 
J. 94, 3976–3986 (2008). 
 
361. Chernomordik, L., Chanturiya, A., Green, J. & Zimmerberg, J. The hemifusion 
intermediate and its conversion to complete fusion: Regulation by membrane composition. 
Biophys. J. 69, 922–929 (1995). 
 
362. Silvius, J.R. & Gagne, J. Lipid phase behavior and calcium-induced fusion of 
phosphatidylethanolamine–phosphatidylserine vesicles. Calorimetric and fusion studies. 
Biochemistry 23, 3232–3240 (1984). 
 
363. Chakrabarty, J., Banerjee, D., Pal, D., De, J., Ghosh, A. & Majumder, G.C. Shedding off 
specific lipid constituents from sperm cell membrane during cryopreservation. 
Cryobiology 54, 27–35 (2007). 
 
364. Atif, S.M., Hasan, I., Ahmad, N., Khan, U. & Owais, M. Fusogenic potential of sperm 
membrane lipids: Nature's wisdom to accomplish targeted gene delivery. FEBS Lett. 580, 
2183–2190 (2006). 
 
365. Petcoff, D.W., Holland, W.L. & Stith, B.J. Lipid levels in sperm, eggs, and during 
fertilization in Xenopus laevis. J. Lipid Res. 49, 2365–2378 (2008). 
 
366. Homa, S.T., Racowsky, C. & McGaughey, R.W. Lipid analysis of immature pig oocytes. 
J. Reprod. Fertil. 77, 425–434 (1986). 
 
367. Tavilani, H., Doosti, M., Nourmohammadi, I., Mahjub, H., Vaisiraygani, A., Salimi, S. & 
Hosseinipanah, S.M. Lipid composition of spermatozoa in normozoospermic and 
asthenozoospermic males. Prostaglandins, Leukotrienes Essent. Fatty Acids 77, 45–50 
(2007). 
 
368. Sanocka, D. & Kurpisz, M. Reactive oxygen species and sperm cells. Reprod. Biol. 
Endocrinol. 2, 12 (2004). 
 
369. Poulos, A. & White, I.G. The phospholipid composition of human spermatozoa and 
seminal plasma. J. Reprod. Fertil. 35, 265–272 (1973). 
 
370. Grizard, G., Sion, B., Bauchart, D. & Boucher, D. Separation and quantification of 
cholesterol and major phospholipid classes in human semen by high-performance liquid 
chromatography and light-scattering detection. J. Chromatogr. B: Biomed. Sci. Appl. 740, 
101–107 (2000). 
207 
 
371. Flesch, F.M. & Gadella, B.M. Dynamics of the mammalian sperm plasma membrane in 
the process of fertilization. Biochim. Biophys. Acta, Rev. Biomembr. 1469, 197–235 (2000). 
 
372. Parks, J.E. & Lynch, D.V. Lipid composition and thermotropic phase behavior of boar, 
bull, stallion, and rooster sperm membranes. Cryobiology 29, 255–266 (1992). 
 
373. Hall, J.C., Hadley, J. & Doman, T. Correlation between changes in rat sperm membrane 
lipids, protein, and the membrane physical state during epididymal maturation. J. Androl. 
12, 76–87 (1991). 
 
374. Dawaliby, R., Trubbia, C., Delporte, C., Noyon, C., Ruysschaert, J.-M., Van Antwerpen, 
P. & Govaerts, C. Phosphatidylethanolamine is a key regulator of membrane fluidity in 
eukaryotic cells. J. Biol. Chem. 291, 3658–3667 (2015). 
 
375. Gulaya, N.M., Margitich, V.M., Govseeva, N.M., Klimashevsky, V.M., Gorpynchenko, 
I.I. & Boyko, M.I. Phospholipid composition of human sperm and seminal plasma in 
relation to sperm fertility. Arch. Androl. 46, 169–175 (2001). 
 
376. Arts, E.G.J.M., Kuiken, J., Jager, S. & Hoekstra, D. Fusion of artificial membranes with 
mammalian spermatozoa. Eur. J. Biochem. 217, 1001–1009 (1993). 
 
377. Struck, D.K., Hoekstra, D. & Pagano, R.E. Use of resonance energy transfer to monitor 
membrane fusion. Biochemistry 20, 4093–4099 (1981). 
 
378. Bhalla, A., Chicka, M.C., Tucker, W.C. & Chapman, E.R. Ca2+-synaptotagmin directly 
regulates t-SNARE function during reconstituted membrane fusion. Nat. Struct. Mol. Biol. 
13, 323–330 (2006). 
 
379. Bharat, T.A.M., Malsam, J., Hagen, W.J.H., Scheutzow, A., Söllner, T.H. & Briggs, J.A.G. 
SNARE and regulatory proteins induce local membrane protrusions to prime docked 
vesicles for fast calcium‐triggered fusion. EMBO Rep. 15, 308–314 (2014). 
 
380. Groffen, A.J., Martens, S., Arazola, R.D., Cornelisse, L.N., Lozovaya, N., de Jong, A.P.H., 
Goriounova, N.A., Habets, R.L.P., Takai, Y., Borst, J.G., Brose, N., McMahon, H.T. & 
Verhage, M. Doc2b is a high-affinity Ca2+ sensor for spontaneous neurotransmitter release. 
Science 327, 1614–1618 (2010). 
 
381. Hui, E., Johnson, C.P., Yao, J., Dunning, F.M. & Chapman, E.R. Synaptotagmin-mediated 
bending of the target membrane is a critical step in Ca2+-regulated fusion. Cell 138, 709–
721 (2009). 
 
382. Schaub, J.R., Lu, X., Doneske, B., Shin, Y.-K. & McNew, J.A. Hemifusion arrest by 
complexin is relieved by Ca2+-synaptotagmin I. Nat. Struct. Mol. Biol. 13, 748–750 (2006). 
 
208 
383. Shi, L., Shen, Q.-T., Kiel, A., Wang, J., Wang, H.-W., Melia, T.J., Rothman, J.E. & Pincet, 
F. SNARE proteins: One to fuse and three to keep the nascent fusion pore open. Science 
335, 1355–1359 (2012). 
 
384. Tucker, W.C., Weber, T. & Chapman, E.R. Reconstitution of Ca2+-regulated membrane 
fusion by synaptotagmin and SNAREs. Science 304, 435–438 (2004). 
 
385. Weber, T., Zemelman, B.V., McNew, J.A., Westermann, B., Gmachl, M., Parlati, F., 
Söllner, T.H. & Rothman, J.E. SNAREpins: Minimal machinery for membrane fusion. Cell 
92, 759–772 (1998). 
 
386. Xu, Y., Zhang, F., Su, Z., McNew, J.A. & Shin, Y.-K. Hemifusion in SNARE-mediated 
membrane fusion. Nat. Struct. Mol. Biol. 12, 417–422 (2005). 
 
387. Mima, J., Hickey, C.M., Xu, H., Jun, Y. & Wickner, W. Reconstituted membrane fusion 
requires regulatory lipids, SNAREs and synergistic SNARE chaperones. EMBO J. 27, 
2031–2042 (2008). 
 
388. Lu, X., Zhang, F., McNew, J.A. & Shin, Y.-K. Membrane fusion induced by neuronal 
SNARES transits through hemifusion. J. Biol. Chem. 280, 30538–30541 (2005). 
 
389. Lu, X., Xu, Y., Zhang, F. & Shin, Y.-K. Synaptotagmin I and Ca2+ promote half fusion 
more than full fusion in SNARE-mediated bilayer fusion. FEBS Lett. 580, 2238–2246 
(2006). 
 
390. Peisajovich, S.G., Samuel, O. & Shai, Y. Paramyxovirus F1 protein has two fusion 
peptides: Implications for the mechanism of membrane fusion. J. Mol. Biol. 296, 1353–
1365 (2000). 
 
391. Samuel, O. & Shai, Y. Participation of two fusion peptides in measles virus-induced 
membrane fusion:  Emerging similarity with other paramyxoviruses. Biochemistry 40, 
1340–1349 (2001). 
 
392. Stegmann, T. Influenza hemagglutinin-mediated membrane fusion does not involve 
inverted phase lipid intermediates. J. Biol. Chem. 268, 1716–1722 (1993). 
 
393. Langosch, D., Brosig, B. & Pipkorn, R. Peptide mimics of the vesicular stomatitis virus G-
protein transmembrane segment drive membrane fusion in vitro. J. Biol. Chem. 276, 
32016–32021 (2001). 
 
394. Meers, P., Ali, S., Erukulla, R. & Janoff, A.S. Novel inner monolayer fusion assays reveal 
differential monolayer mixing associated with cation-dependent membrane fusion. 
Biochim. Biophys. Acta, Biomembr. 1467, 227–243 (2000). 
 
395. Nikolaus, J., Stöckl, M., Langosch, D., Volkmer, R. & Herrmann, A. Direct visualization 
of large and protein-free hemifusion diaphragms. Biophys. J. 98, 1192–1199 (2010). 
209 
 
396. Düzgünes, N., Wilschut, J., Fraley, R. & Papahadjopoulos, D. Studies on the mechanism 
of membrane fusion. Role of head-group composition in calcium- and magnesium-induced 
fusion of mixed phospholipid vesicles. Biochim. Biophys. Acta, Biomembr. 642, 182–195 
(1981). 
 
397. Düzgünes, N., Nir, S., Wilschut, J., Bentz, J., Newton, C., Portis, A. & Papahadjopoulos, 
D. Calcium- and magnesium-induced fusion of mixed 
phosphatidylserine/phosphatidylcholine vesicles: Effect of ion binding. J. Membr. Biol. 59, 
115–125 (1981). 
 
398. Saito, H., Dhanasekaran, P., Nguyen, D., Deridder, E., Holvoet, P., Lund-Katz, S. & 
Phillips, M.C. α-Helix formation is required for high affinity binding of human 
apolipoprotein A-I to lipids. J. Biol. Chem. 279, 20974–20981 (2004). 
 
399. Raghuraman, H. & Chattopadhyay, A. Interaction of melittin with membrane cholesterol: 
A fluorescence approach. Biophys. J. 87, 2419–2432 (2004). 
 
400. Pfefferkorn, C.M., Walker Iii, R.L., He, Y., Gruschus, J.M. & Lee, J.C. Tryptophan probes 
reveal residue-specific phospholipid interactions of apolipoprotein C-III. Biochim. 
Biophys. Acta, Biomembr. 1848, 2821–2828 (2015). 
 
401. Hanske, J., Toffey, J.R., Morenz, A.M., Bonilla, A.J., Schiavoni, K.H. & Pletneva, E.V. 
Conformational properties of cardiolipin-bound cytochrome c. Proc. Natl. Acad. Sci. U. S. 
A. 109, 125–130 (2012). 
 
402. Chapman, E.R. & Davis, A.F. Direct interaction of a Ca2+-binding loop of synaptotagmin 
with lipid bilayers. J. Biol. Chem. 273, 13995–14001 (1998). 
 
403. Constantinescu, I. & Lafleur, M. Influence of the lipid composition on the kinetics of 
concerted insertion and folding of melittin in bilayers. Biochim. Biophys. Acta, Biomembr. 
1667, 26–37 (2004). 
 
404. Ladokhin, A.S., Isas, J.M., Haigler, H.T. & White, S.H. Determining the membrane 
topology of proteins:  Insertion pathway of a transmembrane helix of annexin 12. 
Biochemistry 41, 13617–13626 (2002). 
 
405. Vivian, J.T. & Callis, P.R. Mechanisms of tryptophan fluorescence shifts in proteins. 
Biophys. J. 80, 2093–2109 (2001). 
 
406. Ren, J., Lew, S., Wang, Z. & London, E. Transmembrane orientation of hydrophobic α-
helices is regulated both by the relationship of helix length to bilayer thickness and by the 
cholesterol concentration. Biochemistry 36, 10213–10220 (1997). 
 
407. Meers, P. & Mealy, T. Relationship between annexin V tryptophan exposure, calcium, and 
phospholipid binding. Biochemistry 32, 5411–5418 (1993). 
210 
 
408. Baudier, J. & Gerard, D. Ions binding to S100 proteins: Structural changes induced by 
calcium and zinc on S100a and S100b proteins. Biochemistry 22, 3360–3369 (1983). 
 
409. Castelli, F., White, H.D. & Forster, L.S. Lifetime and quenching of tryptophan 
fluorescence in whiting parvalbumin. Biochemistry 27, 3366–3372 (1988). 
 
410. Ellens, H., Bentz, J. & Szoka, F.C. Destabilization of phosphatidylethanolamine liposomes 
at the hexagonal phase transition temperature. Biochemistry 25, 285–294 (1986). 
 
411. Ellens, H., Bentz, J. & Szoka, F.C. Fusion of phosphatidylethanolamine-containing 
liposomes and mechanism of Lα–HII phase transition. Biochemistry 25, 4141–4147 (1986). 
 
412. Ortiz, A., Killian, J.A., Verkleij, A.J. & Wilschut, J. Membrane fusion and the lamellar-to-
inverted-hexagonal phase transition in cardiolipin vesicle systems induced by divalent 
cations. Biophys. J. 77, 2003–2014 (1999). 
 
413. Seddon, J.M. Structure of the inverted hexagonal (HII) phase, and non-lamellar phase 
transitions of lipids. Biochim. Biophys. Acta, Rev. Biomembr. 1031, 1–69 (1990). 
 
414. Kozlov, M.M. Determination of Lipid Spontaneous Curvature from X-Ray Examinations 
of Inverted Hexagonal Phases. In Methods in Membrane Lipids. (ed. Dopico, A.M.) 355–
366 (Humana Press, 2007). 
 
415. McMahon, H.T. & Boucrot, E. Membrane curvature at a glance. J. Cell Sci. 128, 1065–
1070 (2015). 
 
416. Kim, E., Kim, J.S., Lee, Y., Song, B.S., Sim, B.W., Kim, S.U., Saitoh, T., Yazawa, H., 
Nunoya, T. & Chang, K.T. Molecular cloning, characterization of porcine IZUMO1, an 
IgSF family member. Reprod. Domest. Anim. 48, 90–97 (2013). 
 
417. Wang, M., Lv, Z., Shi, J., Hu, Y. & Xu, C. Immunocontraceptive potential of the Ig-like 
domain of Izumo. Mol. Reprod. Dev. 76, 794–801 (2009). 
 
418. Williams, A.F. & Barclay, A.N. The immunoglobulin superfamily—Domains for cell 
surface recognition. Annu. Rev. Immunol. 6, 381–405 (1988). 
 
419. Halaby, D.M. & Mornon, J.P.E. The immunoglobulin superfamily: An insight on its 
tissular, species, and functional diversity. J. Mol. Evol. 46, 389–400 (1998). 
 
420. Halaby, D.M., Poupon, A. & Mornon, J.P. The immunoglobulin fold family: Sequence 
analysis and 3d structure comparisons. Protein Eng., Des. Sel. 12, 563–571 (1999). 
 
421. Lemmon, M.A. Membrane recognition by phospholipid-binding domains. Nat. Rev. Mol. 
Cell Biol. 9, 99–111 (2008). 
 
211 
422. Cho, W. & Stahelin, R.V. Membrane binding and subcellular targeting of C2 domains. 
Biochim. Biophys. Acta, Mol. Cell Biol. Lipids 1761, 838–849 (2006). 
 
423. Stein, A., Radhakrishnan, A., Riedel, D., Fasshauer, D. & Jahn, R. Synaptotagmin activates 
membrane fusion through a Ca2+-dependent trans interaction with phospholipids. Nat. 
Struct. Mol. Biol. 14, 904–911 (2007). 
 
424. McMahon, H.T., Kozlov, M.M. & Martens, S. Membrane curvature in synaptic vesicle 
fusion and beyond. Cell 140, 601–605 (2010). 
 
425. Martens, S. Role of C2 domain proteins during synaptic vesicle exocytosis. Biochem. Soc. 
Trans. 38, 213–216 (2010). 
 
426. Lai, A.L., Tamm, L.K., Ellena, J.F. & Cafiso, D.S. Synaptotagmin 1 modulates lipid acyl 
chain order in lipid bilayers by demixing phosphatidylserine. J. Biol. Chem. 286, 25291–
25300 (2011). 
 
427. Hoekstra, D. Fluorescence method for measuring the kinetics of calcium ion-induced phase 
separations in phosphatidylserine-containing lipid vesicles. Biochemistry 21, 1055–1061 
(1982). 
 
428. Kozlovsky, Y. & Kozlov, M.M. Membrane fission: Model for intermediate structures. 
Biophys. J. 85, 85–96 (2003). 
 
429. Jones, K.T., Soeller, C. & Cannell, M.B. The passage of Ca2+ and fluorescent markers 
between the sperm and egg after fusion in the mouse. Development 125, 4627–4635 (1998). 
 
430. Ladokhin, A.S., Jayasinghe, S. & White, S.H. How to measure and analyze tryptophan 
fluorescence in membranes properly, and why bother? Anal. Biochem. 285, 235–245 
(2000). 
 
431. Youle, R.J. & van der Bliek, A.M. Mitochondrial fission, fusion, and stress. Science 337, 
1062–1065 (2012). 
 
432. Otera, H., Ishihara, N. & Mihara, K. New insights into the function and regulation of 
mitochondrial fission. Biochim. Biophys. Acta 1833, 1256–1268 (2013). 
 
433. Chang, D.T.W., Honick, A.S. & Reynolds, I.J. Mitochondrial trafficking to synapses in 
cultured primary cortical neurons. J. Neurosci. 26, 7035–7045 (2006). 
 
434. Saxton, W.M. & Hollenbeck, P.J. The axonal transport of mitochondria. J. Cell. Sci. 125, 
2095–2104 (2012). 
 
435. Li, Z., Okamoto, K.-I., Hayashi, Y. & Sheng, M. The importance of dendritic mitochondria 
in the morphogenesis and plasticity of spines and synapses. Cell 119, 873–887 (2004). 
 
212 
436. Shaw, J.M. & Nunnari, J. Mitochondrial dynamics and division in budding yeast. Trends 
Cell Biol. 12, 178–184 (2002). 
 
437. Westermann, B. Mitochondrial fusion and fission in cell life and death. Nat. Rev. Mol. Cell 
Biol. 11, 872–884 (2010). 
 
438. Sesaki, H. & Jensen, R.E. Division versus fusion: Dnm1p and Fzo1p antagonistically 
regulate mitochondrial shape. J. Cell Biol. 147, 699–706 (1999). 
 
439. Bleazard, W., McCaffery, J.M., King, E.J., Bale, S., Mozdy, A., Tieu, Q., Nunnari, J. & 
Shaw, J.M. The dynamin-related GTPase Dnm1 regulates mitochondrial fission in yeast. 
Nat. Cell Biol. 1, 298–304 (1999). 
 
440. Smirnova, E., Griparic, L., Shurland, D.L. & van der Bliek, A.M. Dynamin-related protein 
Drp1 is required for mitochondrial division in mammalian cells. Mol. Biol. Cell 12, 2245–
2256 (2001). 
 
441. Otsuga, D., Keegan, B.R., Brisch, E., Thatcher, J.W., Hermann, G.J., Bleazard, W. & 
Shaw, J.M. The dynamin-related GTPase, Dnm1p, controls mitochondrial morphology in 
yeast. J. Cell Biol. 143, 333–349 (1998). 
 
442. Chan, D.C. Mitochondrial fusion and fission in mammals. Annu. Rev. Cell Dev. Biol. 22, 
79–99 (2006). 
 
443. Itoh, K., Nakamura, K., Iijima, M. & Sesaki, H. Mitochondrial dynamics in 
neurodegeneration. Trends Cell Biol. 23, 64–71 (2013). 
 
444. Knott, A.B., Perkins, G., Schwarzenbacher, R. & Bossy-Wetzel, E. Mitochondrial 
fragmentation in neurodegeneration. Nat. Rev. Neurosci. 9, 505–518 (2008). 
 
445. Mozdy, A.D., McCaffery, J.M. & Shaw, J.M. Dnm1p GTPase-mediated mitochondrial 
fission is a multi-step process requiring the novel integral membrane component Fis1p. J. 
Cell Biol. 151, 367–379 (2000). 
 
446. James, D.I., Parone, P.A., Mattenberger, Y. & Martinou, J.C. hFis1, a novel component of 
the mammalian mitochondrial fission machinery. J. Biol. Chem. 278, 36373–36379 (2003). 
 
447. Yoon, Y., Krueger, E.W., Oswald, B.J. & McNiven, M.A. The mitochondrial protein hFis1 
regulates mitochondrial fission in mammalian cells through an interaction with the 
dynamin-like protein DLP1. Mol. Cell. Biol. 23, 5409–5420 (2003). 
 
448. Tieu, Q. & Nunnari, J. Mdv1p is a WD repeat protein that interacts with the dynamin-
related GTPase, Dnm1p, to trigger mitochondrial division. J. Cell Biol. 151, 353–365 
(2000). 
 
213 
449. Labrousse, A.M., Zappaterra, M.D., Rube, D.A. & van der Bliek, A.M. C-elegans 
dynamin-related protein DRP-1 controls severing of the mitochondrial outer membrane. 
Mol. Cell 4, 815–826 (1999). 
 
450. Fukushima, N.H., Brisch, E., Keegan, B.R., Bleazard, W. & Shaw, J.M. The GTPase 
effector domain sequence of the Dnm1p GTPase regulates self-assembly and controls a 
rate-limiting step in mitochondrial fission. Mol. Biol. Cell 12, 2756–2766 (2001). 
 
451. Sesaki, H., Adachi, Y., Kageyama, Y., Itoh, K. & Iijima, M. In vivo functions of Drp1: 
Lessons learned from yeast genetics and mouse knockouts. Biochim. Biophys. Acta, Mol. 
Basis Dis. 1842, 1179–1185 (2014). 
 
452. Ingerman, E., Perkins, E.M., Marino, M., Mears, J.A., McCaffery, J.M., Hinshaw, J.E. & 
Nunnari, J. Dnm1 forms spirals that are structurally tailored to fit mitochondria. J. Cell 
Biol. 170, 1021–1027 (2005). 
 
453. Lackner, L.L., Horner, J.S. & Nunnari, J. Mechanistic analysis of a dynamin effector. 
Science 325, 874–877 (2009). 
 
454. Bhar, D., Karren, M.A., Babst, M. & Shaw, J.M. Dimeric Dnm1-G385D interacts with 
Mdv1 on mitochondria and can be stimulated to assemble into fission complexes 
containing Mdv1 and Fis1. J. Biol. Chem. 281, 17312–17320 (2006). 
 
455. Mears, J.A., Lackner, L.L., Fang, S., Ingerman, E., Nunnari, J. & Hinshaw, J.E. 
Conformational changes in Dnm1 support a contractile mechanism for mitochondrial 
fission. Nat. Struct. Mol. Biol. 18, 20–26 (2010). 
 
456. Daumke, O. & Praefcke, G.J.K. Mechanisms of GTP hydrolysis and conformational 
transitions in the dynamin superfamily. Pept. Sci. 105, 580–593 (2016). 
 
457. Stepanyants, N., Macdonald, P.J., Francy, C.A., Mears, J.A., Qi, X. & Ramachandran, R. 
Cardiolipin's propensity for phase transition and its reorganization by dynamin-related 
protein 1 form a basis for mitochondrial membrane fission. Mol. Biol. Cell 26, 3104–3116 
(2015). 
 
458. Frohman, M.A. Role of mitochondrial lipids in guiding fission and fusion. J. Mol. Med. 
93, 263–269 (2015). 
 
459. Ugarte-Uribe, B., Müller, H.-M., Otsuki, M., Nickel, W. & García-Sáez, A.J. Dynamin-
related protein 1 (Drp1) promotes structural intermediates of membrane division. J. Biol. 
Chem. 289, 30645–30656 (2014). 
 
460. Shnyrova, A.V., Bashkirov, P.V., Akimov, S.A., Pucadyil, T.J., Zimmerberg, J., Schmid, 
S.L. & Frolov, V.A. Geometric catalysis of membrane fission driven by flexible dynamin 
rings. Science 339, 1433–1436 (2013). 
 
214 
461. Montessuit, S., Somasekharan, S.P., Terrones, O., Lucken-Ardjomande, S., Herzig, S., 
Schwarzenbacher, R., Manstein, D.J., Bossy-Wetzel, E., Basañez, G., Meda, P. & 
Martinou, J.-C. Membrane remodeling induced by the dynamin-related protein Drp1 
stimulates Bax oligomerization. Cell 142, 889–901 (2010). 
 
462. Macdonald, P.J., Stepanyants, N., Mehrotra, N., Mears, J.A., Qi, X., Sesaki, H. & 
Ramachandran, R. A dimeric equilibrium intermediate nucleates Drp1 reassembly on 
mitochondrial membranes for fission. Mol. Biol. Cell 25, 1905–1915 (2014). 
 
463. Heymann, J.A.W. & Hinshaw, J.E. Dynamins at a glance. J. Cell. Sci. 122, 3427–3431 
(2009). 
 
464. Kabsch, W. & Sander, C. Dictionary of protein secondary structure: Pattern recognition of 
hydrogen-bonded and geometrical features. Biopolymers 22, 2577–2637 (1983). 
 
465. Fröhlich, C., Grabiger, S., Schwefel, D., Faelber, K., Rosenbaum, E., Mears, J., Rocks, O. 
& Daumke, O. Structural insights into oligomerization and mitochondrial remodelling of 
dynamin 1-like protein. EMBO J. 32, 1280–1292 (2013). 
 
466. Daum, G. Lipids of mitochondria. Biochim. Biophys. Acta, Rev. Biomembr. 822, 1–42 
(1985). 
 
467. Horvath, S.E. & Daum, G. Lipids of mitochondria. Prog. Lipid Res. 52, 590–614 (2013). 
 
468. Ardail, D., Privat, J.P., Egret-Charlier, M., Levrat, C., Lerme, F. & Louisot, P. 
Mitochondrial contact sites. Lipid composition and dynamics. J. Biol. Chem. 265, 18797–
18802 (1990). 
 
469. Bui, H.T. & Shaw, J.M. Dynamin assembly strategies and adaptor proteins in 
mitochondrial fission. Curr. Biol. 23, R891–R899 (2013). 
 
470. Richter, V., Singh, A.P., Kvansakul, M., Ryan, M.T. & Osellame, L.D. Splitting up the 
powerhouse: Structural insights into the mechanism of mitochondrial fission. Cell. Mol. 
Life Sci. 72, 3695–3707 (2015). 
 
471. Koirala, S., Guo, Q., Kalia, R., Bui, H.T., Eckert, D.M., Frost, A. & Shaw, J.M. 
Interchangeable adaptors regulate mitochondrial dynamin assembly for membrane 
scission. Proc. Natl. Acad. Sci. U. S. A. 110, E1342–E1351 (2013). 
 
472. Yoon, Y., Pitts, K.R. & McNiven, M.A. Mammalian dynamin-like protein DLP1 tubulates 
membranes. Mol. Biol. Cell 12, 2894–2905 (2001). 
 
473. Lee, J.E., Westrate, L.M., Wu, H., Page, C. & Voeltz, G.K. Multiple dynamin family 
members collaborate to drive mitochondrial division. Nature 540, 139–143 (2016). 
 
215 
474. Francy, C.A., Alvarez, F.J.D., Zhou, L., Ramachandran, R. & Mears, J.A. The 
mechanoenzymatic core of dynamin-related protein 1 comprises the minimal machinery 
required for membrane constriction. J. Biol. Chem. 290, 11692–11703 (2015). 
 
475. Macdonald, P.J., Francy, C.A., Stepanyants, N., Lehman, L., Baglio, A., Mears, J.A., Qi, 
X. & Ramachandran, R. Distinct splice variants of dynamin-related protein 1 differentially 
utilize mitochondrial fission factor as an effector of cooperative GTPase activity. J. Biol. 
Chem. 291, 493–507 (2016). 
 
476. Cerveny, K.L. & Jensen, R.E. The WD-repeats of Net2p interact with Dnm1p and Fis1p to 
regulate division of mitochondria. Mol. Biol. Cell 14, 4126–4139 (2003). 
 
477. Wells, R.C., Picton, L.K., Williams, S.C.P., Tan, F.J. & Hill, R.B. Direct binding of the 
dynamin-like GTPase, Dnm1, to mitochondrial dynamics protein Fis1 is negatively 
regulated by the Fis1 N-terminal arm. J. Biol. Chem. 282, 33769–33775 (2007). 
 
478. Gandre-Babbe, S. & van der Bliek, A.M. The novel tail-anchored membrane protein Mff 
controls mitochondrial and peroxisomal fission in mammalian cells. Mol. Biol. Cell 19, 
2402–2412 (2008). 
 
479. Otera, H., Wang, C., Cleland, M.M., Setoguchi, K., Yokota, S., Youle, R.J. & Mihara, K. 
Mff is an essential factor for mitochondrial recruitment of Drp1 during mitochondrial 
fission in mammalian cells. J. Cell Biol. 191, 1141–1158 (2010). 
 
480. Suzuki, M., Jeong, S.-Y., Karbowski, M., Youle, R.J. & Tjandra, N. The solution structure 
of human mitochondria fission protein Fis1 reveals a novel TPR-like helix bundle. J. Mol. 
Biol. 334, 445–458 (2003). 
 
481. Tooley, J.E., Khangulov, V., Lees, J.P.B., Schlessman, J.L., Bewley, M.C., Heroux, A., 
Bosch, J. & Hill, R.B. The 1.75 Å resolution structure of fission protein Fis1 from 
Saccharomyces cerevisiae reveals elusive interactions of the autoinhibitory domain. Acta 
Crystallogr., Sect. F: Struct. Biol. Cryst. Commun. 67, 1310–1315 (2011). 
 
482. Dohm, J.A., Lee, S.J., Hardwick, J.M., Hill, R.B. & Gittis, A.G. Cytosolic domain of the 
human mitochondrial fission protein Fis1 adopts a TPR fold. Proteins: Struct., Funct., 
Bioinf. 54, 153–156 (2003). 
 
483. Koppenol-Raab, M., Harwig, M.C., Posey, A.E., Egner, J.M., MacKenzie, K.R. & Hill, 
R.B. A targeted mutation identified through pKa measurements indicates a postrecruitment 
role for Fis1 in yeast mitochondrial fission. J. Biol. Chem. 291, 20329–20344 (2016). 
 
484. DeVay, R.M., Dominguez-Ramirez, L., Lackner, L.L., Hoppins, S., Stahlberg, H. & 
Nunnari, J. Coassembly of Mgm1 isoforms requires cardiolipin and mediates 
mitochondrial inner membrane fusion. J. Cell Biol. 186, 793–803 (2009). 
 
216 
485. Mishra, P., Carelli, V., Manfredi, G. & Chan, David C. Proteolytic cleavage of Opa1 
stimulates mitochondrial inner membrane fusion and couples fusion to oxidative 
phosphorylation. Cell Metab. 19, 630–641 (2014). 
 
486. Szekely, G.J., Rizzo, M.L. & Bakirov, N.K. Measuring and testing dependence by 
correlation of distances. Ann. Stat., 2769–2794 (2007). 
 
487. Reshef, D.N., Reshef, Y.A., Finucane, H.K., Grossman, S.R., McVean, G., Turnbaugh, 
P.J., Lander, E.S., Mitzenmacher, M. & Sabeti, P.C. Detecting novel associations in large 
data sets. Science 334, 1518–1524 (2011). 
 
488. Praefcke, G.J.K. & McMahon, H.T. The dynamin superfamily: Universal membrane 
tubulation and fission molecules? Nat. Rev. Mol. Cell Biol. 5, 133–147 (2004). 
 
489. Wells, R.C. & Hill, R.B. The cytosolic domain of Fis1 binds and reversibly clusters lipid 
vesicles. PLoS One 6, e21384 (2011). 
 
490. Fannjiang, Y., Cheng, W.-C., Lee, S.J., Qi, B., Pevsner, J., McCaffery, J.M., Hill, R.B., 
Basañez, G. & Hardwick, J.M. Mitochondrial fission proteins regulate programmed cell 
death in yeast. Genes Dev. 18, 2785–2797 (2004). 
 
491. Edgar, R.C. MUSCLE: A multiple sequence alignment method with reduced time and 
space complexity. BMC Bioinf. 5, 113 (2004). 
 
492. Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high 
throughput. Nucleic Acids Res. 32, 1792–1797 (2004). 
 
493. Pethica, R., Barker, G., Kovacs, T. & Gough, J. TreeVector: Scalable, interactive, 
phylogenetic trees for the web. PLoS One 5, e8934 (2010). 
 
494. Albanese, D., Filosi, M., Visintainer, R., Riccadonna, S., Jurman, G. & Furlanello, C. 
minerva and minepy: A C engine for the MINE suite and its R, Python and MATLAB 
wrappers. Bioinformatics 29, 407–408 (2013). 
 
 
 
